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SUMMARY

*• The purpose of the Phase I, High Performance Helicopter Hoist Program

"is to determine the feasibility of utilizing flywheel energy storage to provide

high speed retrieval of personnel and materiel while hovering. A further

objective is the provision of a prelhiuinxry design of the optimum hoist con-

figuration which will interface with existing and new U. S. Army helicopters

used for air rescue operations.

RESULTS AND CONCLUSIONS

An optimized hoist design layout has been completed which will operate at

hoisting speeds up to five times faster than the present hoist without addi-

tional power from the helicopter during hoisting operations.

A moderate capacity kinetic energy flywheel weighing 13. 5 lb can provide

sufficient power during hoisting operations to minimize helicopter vulner-

ability.

A practical transmission system coupling the drive, motor, flywheel, ind

cable mechanism can be built.

Test# of candidate steel cables and ropes for use with the hoist have shown

synthetic rope to offer several advantages.

Human factors studies and testing have pointed up many deficiencies in the

presently used hoisting methods and equipment which can be improved with

a new hoist system.

ii"i
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The life-cycle cost and cost effectiveness of the optimized high performance
hoist are predicted to be substantially below present levels as a result of
improved availability and reduced flight time for rescue opetations.

A safety analysis has shown that the high performance hoist can alleviate.
hazards associated with hoist rescue operations without introducing signi-
ficant new hazards.

RECOMMENDATIONS

A two-phase program leading to the design and fabrication of a high perform-

ance helicopter hoist and ancillary equipment suitable for military potential
testing is recommended.

The recommended prototype hoist development program includes the follow-
ing:

s Hu,,.: factors analysis of entire hoisting system
" I ,.rifl .. tion cesting of rope handling characteristics

"* Design s-d fabrication of high performance hoist
"* Design &.•.d fabrication of improved traction sheave for rope low;ring
"* Comprehensive testing of hoist system prior to military potential

tests

iv
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Section I

INTRODUCTION

NEED FOR IMPROVED HOIST

The ascent and descent speed of existing helicopter hoists employed by the

U. S. Army in medical evacuation and rescue service is limited to approxi-

mately 100 fpm. During hover, the helicopter, its personnel, and the res-

cuee are highly vulnerable to enemy attack. This vulnerability can be re-

duced by increasing the operating speed of the hoist so as to minimize hover

time. The existing limitation in hoist speed is imposed basically by con-
!• ~straints on available power from the helicopter and by the need for keeping

the weight of the hoist to a minimum. The conflicting requirements for

holding power consumption and system weight to present levels while sub-

stantially increasing hoist speed can only be met by the incorporation of an

energy storage system into the hoist. Thus, energy could be taken from the
• ~aircraft electrical system enrotute to a rescue mission and stored for use in

effecting high power retrieval operations.

The constraints imposed on the weight of the present hoist have necessitated

operat~on of the electric drive motor into its overload rating even for 1 )0

fprn hoisting operations. Thus, only a limited duty cycle is available prior

to the need to wait for the motor to cool. This limitation can result in the

need for added hovering or circling time to a rescue mission.

With the hoist powered by stored energy, the full capabilities of the air-

craft's electrical and hydraulic systems are available for electronic, con-

trol boost, il'umination, and other equipment which may be required to

ftunction during medical evacuation and rescue operations.

- -I-I
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With a substantially increased hoisting speed,' less hover time is requited

to pick up a given number of men from a given hiight. This, in turn,

reduces: (a) power taken from the engine, (b) the probability of an engine

failure during hover, (c) mission time, (d),fuel consumption, and.(e) attri-

tion due to enemy action. Conversely, more men can be evacuated from a

given spot before hostile action is brought against the hovering or loitering

aircraft. High speed hoists can make rescue operations from higher hover

heights feasible where this is desirfd.

During rescue or evacuation hoist operations (whether in a combat zone or

not), the helicopter is almost always in an undesirable operating region, as
defined by the so-called. "dead man's curve." To illustrate this p~ointj the

Height-Velocity Diagram for , UH-ID aircraft is shown in Fig. 1-1. It may

be seen that except for hovering operations in a very high wind, the aircraft

is in an unsafe operating zone during rescue operations where an engine

malfunctioi. would result in loss of aircraft and creW.

KINETIC ENERGY AS A SOLUTION

In the search for a practical energy storage means with near-term avail-

ability which would be suitable for the helicopter hoist application, consider-

ation was given to several techniques. Most of these applicable techniques

have been previously applied to vehicle pr~opulsion. Recent studies (I ;id

2)* and hardware development programs (3 and 4) have resulted in charac-

teristics iata based on presently available energy storage systems in suit-

able form for comparative evaluation. A summary tabulation of these data

is shown in Table 1-1.

The excellent match of kinetic energy storage characteristics to the high

performance hoist demands became obvious on the basis of the comparative

data with other storage techniques. The flywheel can provide highly accept-

*Numbers in parentheses designate references which are listed in
Section 10 of this report.

1-2
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Table I -I

ENERGY STORAGE COMPARISON
iII

Energy Power Deep (75%)
Storage Phenomena Density Density Discharge Cycle

(whr/lb) (w/Ilb) Life (Cycles)

Compression of Gases 1.51 >5000 > 107

Hydraulic Accumulator 3.5 >5000 >107

Elastic Deformation:
Steel Spring 0. 04 > 1000 > 107

Natural Rubber Band 4.00 35 1000-5000

Electrochemical Reaction:
Lead-Acid Battery 8 35 300- 500

Nickel-Cadmium Battery 14 35 1000-3000

Kinetic Energy:

Maraging Steel Flywheel 25 >5000 >10
AISI 4340 Steel Flywheel 15 >5000 > 107

able energy density levels which favorably influence hoist weight or operat-

ing duty cycle. At the same time, the flywheel can provide high levels of

power to make available the high power required for high speed retrievals

which is desirable in helicopter rescue operations. The high flywheel energy

density makes possible rapid recharging or spin-up. In addition, the V.y-

wheel has almost unlimited deep discharge cycle life which is fully eompati-

ble with the 10-year design service life requirements of military equipment.

The review of comparative data presented in Table I -I revealed the flywheel

to be the only practical energy storage means with the desired combination

of characteristics.

The effectivity provided by the use of flywheel energy storage in the hoist

system offers several operational advantages for medical evacuations and

rescue operations. For example, the energy stored in the flywheel can be

discharged rapidly to effect high cable speeds, and can be charged as slowly
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I

as desired. This being the case, th6 storing of energy can be accomplished I
by using a smaller portion of thc electric, hydraul•e, or mechanical power

available within the aircraft. Furthermore, the flywheel system can con-

tinue to operate in case of failure of an aircraft's electrical or hydraulic

systems.

PURPOSE OF DESIGN STUDY AND TRADEOFFS PROGRAM

The first phase of the High Performance Helicopter Hoist Program which is
described in this report is intended to provide design study information and

technical tradeoffs data suitable to determine the feasibility of applying

kinetic energy storage to an improved helicopter hoist capable of being used
by the U. S. Army aboard helicopters presentiy in the field as well as anti-

"cipated new helicopter systems. The major thrust of this program is directed
toward improvement of medical evacuation operations in corbt zones al-

though attention is given to supply and rescue missions involving lowering

Lg and lifting of personnel and strategic materiel.

The specific objectives of the design study and tradeoffs program are the

3- following:

e Assessment of the operational deficiencies of the present U. S.

Army helicopter hoist, medical evacuation methods, and rescue
ancillaries

* Determination of the helicopter /hoist interfaces and constra'nts

especially for the UH-IH helicopter as currently used for medical

evacuation missions

e Assistance to the U. S. Army Land Warfare Laboratory (USALWL)
in establishing realistic military characteristics for a high speed

utility helicopter hoist

o Review of flywheel technology to determine the optimum capacity

and configuration of the flywheel assembly for the hoist

1-5
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:, Determination of the most feasible drive configuraton for the

flywheel and cable handling systems
o Preparstion of preliminary layouts of the optimum high perform-

ance hoist assembly
o Recommendation of subsequent program phases (if feasibility is

shown) leading to a prototype hoist suitable for military potential

testing.

1-6
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Section 2

APPROACH

The High Performance Helicopter Hoist Phase I Program conducted for the j
USALWL was intended to be an objective assessment of the feasibility of an

improved utility hoist using kinetic energy storage. The technical approach

followed by Lockheed Missiles & Space Company, Inc. (LMSC) in conducting

this program is described in the succeeding paragraphs.

PRESENT EQUIPMENT AND OPERATING PROCEDURES

At the beginning of the program an examination was made of the present

* rescue hoist and its operation. This investigation included the helicopter,

boom, traction sheave, pendant, swivel, intercom system, hook, jungle

penetrator, etc., as well as the hoist itself. To gather data on the present

system trips were made to U. S. Army Combat Developments Command

(USACDC), Fort Belvoir, Virginia; USACDC Medical Service Agency, Fort

Sam Houston, Texas; Crissy Field, Sixth Army Headquarters, San Fran-

cisco Presidio (three trips); and Bell Helicopter Company, Fort Worth,

Texas. An additional trip was made to Western Gear Company, Lynwood,

California, to inspect a next-generation hoist which is under developm znt.

A Breeze hoist, used in the present system, was requisitioned by USALWL

for LMSC use and tests were conducted. A mockup of the UH-IH cabin

area was made and the hoist installed for space, time, and motion evalua-I

tions. From this review of the present system it was concluded that the

program should be widened in scope. The modified approach used in con-

ducting the Phase I program is shown iu the flow diagram of Fig. 2-1. The

present hoist system review made it apparent that present equipment falls

short of meeting even current requirements in terms of performance and

reliability. From this it was concluded that the techniques and materials

presently employed could not be projected to achieve the performance

2-1
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desired in a next generation rescue hoist. Not only should new technolog•y !

be applied to the power supply, but also to the hoisting line and line handl-

ing. Although not included in the scope of the present study, a well-

balanced, high performance hoist system should eventually include improve-

ments in the man-machine interfaces such as evacuee attachment and ope-

rator controls.

The review of present equipment and its operation also formed a basis for

judgements as to the degree of improvement which could be reasonably

expected of the next generation.

POWER COMPONENT PARAMETERS

Based -% the desired improvement in the state of the art, typical mission

scenarios were defined by LMSC in conjunction with USALWL. Testing with

human subjects verified the feasibility of increased hoisting rates which

interviews with Army personnel with a variety of experience indicated to be

desirable. The number of lifts per hover, the loads, and the height of the

"lift established the mission hoist , .iergy requirement.

Energr for the high performance hoist is supplied by the helicopter turbine

engine-driven generator which powers the electric hoist motor. The motor,

in turn, drives the flywheel which stores energy to provide for peak power

demands. In this manner the performance drawbacks of the present hoist

motor are overcome. The shunt-type motor chosen for this drive has a

fixed maximum speed making runaway impossible. Inasmuch as the motor

is not required to operate in an overload condition during heavy, high lifts,

it is no longer necessary to wait to cool between hoist cycles. Estimates

of hoist dwell times between lifts which assumed continued use of present

evacuee attachment equipment and techniques were made in proportioning

the motor and the flywheel. Based on the scenarios the output of the motor

was established as well as the storage capacity of the flywheel, and a motor

specification was written.

23
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A computer-aided analysis presented a spectrum of 2lywheel candidates,

which were of a modified hyperbolic shape, selected for its minimum weight
3

characteristic. A number of these candidates were eliminated by a maxi-

mum diameter constraint imposed by the requirement that the bulkiness of

present equipment not be exceeded. Selection of the flywheel was made

based on a two-to-one usable speed ratio, which was judged to retain a

reasonable reserve. A review was made to assure that the design speed

was well within seal. and bearing limits. The flywheel material was selected

to provide the low stress level required by a safety analysis.

HOISTING LINE INVESTIGATION

In broadening the scope of the High Performance Hoist Program, investi-

gation was made into hoisting line materials and hoisting line handling tech-

niques. This investigation was in the form of literature search, vendor

contact, and shop testing. In the test evaluation special attention was given

to the capstan drive (at both present and desired speeds) and to 3/16 in.,

19 x 7 nonrotating, stainless steel wire rope, since they were bases for

comparisons. In addition to other types of wire rope, various synthetic

ropes and webbings were included. Webbing had the distinct attraction of

avoiding the level winding problem. Tests and other types of evaluation of

hoisting materials included an examination of the following characteristics:

r Elongation * Rotational damping

* Shock attenuation e Bounce damping

* Traction e Torsional stiffness

* Cold flow . Whipping

* Speed capability 6, Fleeting characteristics

* Bending fatigue * Spooling characteristic3

e Abrasion resistance * Kinking

* Frictional heating * Extreme temperature effects

* Fleeting * Cut vulnerability

e Stretch induced spin

2-4
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DESIGN LAYOUT

A preliminary design layout was made using the motor specification and the

characteristics selected for the flywheel. The flywheel housing, ancillary
S~equipment, gear reductions, brake, clutch, and storage drum were included.

S The storage drum inner and outer diameters (and hence the total reduction

ratio) were both dependent on the hoist line material nelection. Design de-
cisions were made to use a controllable dissipative clutch and spur gearing
"reduction. Layout variations were established, using this basic "power

pack" assembly, to indicate aircraft installation options, such as pylon and

separate unit mountings and hoist line handling and material options.

USALWL and LMSC jo'ned in selecting from these variations the most

promising combination recommended for design, fabrication, and testing of

a prototype hoist in a subsequent program phase.

"~II

oI

I II

2-5
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Section 3

REQUIREMENTS STUDY

The principal areas of study necessary to define the operational require-

menta of the high speed helicopter rescue hoist are described in the follow-

ing paragraphs.

HOIST CONTROL REQUIREMENTS

The rescue hoist is a part of a large, complex, integrated man-machine

system consisting of: the crew aboard the aircraft; the helicopter; ground

personnel and equipment at the aircraft's home base; communication equip-

, ment; a variety of devices for attaching the evacuee; and, ground personnel

" ~ at the rescue site.

The pilot has communication links with his copilot, his home base, the hoist

operator, and ground personnel at the rescue site. He also contro)s a guil-

lotine switch for cutting the hoisting line in case of an emergency.

The hoist operator is in communication with both the cockpit and the ground.

In addition to the guillotine switch, he also controls: a 3-way, variabl

switch for i.scent, stop, and descent; a Z-way switch for extending and rs-

tracting the hoist boom, and a hoist on-off switch over and above these

operator actuated controls, the machine itself performs various automatic

control functions. The hoist units, which are eventually controlled, are

tnthe drive motor, boom actuator, clutch, brake, descent drive, and guillo-

tine.

The following typical hoist operations indicate the interrelationuhip of nran-

ual and automatic controls.

3-1
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AI
i Descent Command

With the storage drum stopped, the flywheel declutched, and the hoist line I
either fully or partly reeled in. the operator moves the control switch in

the "dercent" di•'ection releasing the brake and gradually increasing the

payout speed by actuating a variable speed drive (separate from the ascent

drive). Descent speed, from creep to maximum, is regulated by the con-

trol unit utilizing a tachometer which senses line speed and provides feed-

back data to the control loop. This provides for variations in load from

zero to maximum weight.

Ground Proximity Problem

Consideration wus given to the problem of a partly payed out load impacting

the ground at or near maximum descent speed. The load could conceivably

be a human, fragile cargo, or durable cargo. The maximum descent rate

which has been selected would be roughly equivalent to a one-foot free fall,

which would not be a problem for durable cargo. It is not anticipated that

injured men would be lowered on the line, and a trained, able-bodied soldier
would be subjected to only the equivalent of jumping off a one-foot step.

Furthermore, in the case of clear visibility the man being lowered can use

an arm signal to decelerate in close proximity to thL :round. Fragile cargo

should be either packaged to attenuate shock, or lowered to a man on tO.e

ground who has radio communication with the aircraft. This man on the

ground can iodirectly command deceieration at the proper moment.

Deceleration at End of Line

The lowering of a load until the end of the line is reached is a special case.

Not only will a limit switch signal the stopping of the reel (bra~ke on - descent

drive oil! before the end of the line is payed out, but a transducer will signal

for an .aaomatic deceleration and stop several feet before the end of the

line is reached, preventing an abrupt jerk.

3-2
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Ascent Command

With the storage drum stopp.,d, 1he flywheel declutched, and the hoist line

either fully or partly payed out, :he operator moves the control in the

"ascent" direction. The brake is automatically disengaged and the clutch

eagaged to accelerate and lift the load. The acceleration rate is automatic-

ally controlled not to exceed 0. 5 g and jerk not to exceed 0. 3 g, even in the

event the operate- pushes the switch to full speed. These rates were estab-

lished to be compatible with humnan comfort (11). Maximum speed will be

directly proportional to flywhee, speed, allowing a two-to-one variation,

depending on the energy level of the flywheel at a given instant. Until this

flywheel related speed is reached, speed is controlled by the ascent control

unit, compensating for differences in load weights.

Mid-Ascent Problems

Although minimum hoisting time is achieved by holding the ascent control

full on, problems may occur, especially in wooded areas. In the event of

such i problem, the operator can manually vary the ascenrt rate from full

on to creep, or even bring the hoiot to a full stop. This technique of using

a slow reel-in can be used to take ulo slack in a line attached to a load resting A

on the ground before going into full speed.

Deceleratio' at Full Reel-In A

As the human or cargo load approaches the helic,-3pter skid gear, full.-speed

operation becomes more hazardous. A transducer senses the amount of

line remaini-,g payed out and, at the proper position of the load, begins an

automatic ascent deceleration program. The ascent control gradually re-

leases theflywheel clutch and engages the brake. Speed is controlled, corn-

pennating for differences in weights of the ioad. A limit switch at fixi reel-

in fully engages the brake and fully disengages the flywheel clutch.
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HOIST PERFORMANCE REQUIREMENTS

A series of helicopter hoist rescue mission scenarios were defined for the

purpose of establishing the helicopter hoist performance requirements.

The study included the following parameters:

o Lift height

e LiM speed

* Weight per lift

e Total weight lifted per mission

e Dwell time at top and botom of lift cycle

a Energy input to hoist from helicopter

e Flywheel etvergy requirements

Table 3-1 wninarizes 12 of the mission scoarios considered. Theatt were

presented to the USLALWL project officer nad a mutual conclusion arrived

at between USALWL and LMSC selecting mission scenario "I& ^a die typi-

cal rescue mission. This scenario consists of five Z00-1b lifts followed by
two 400-1b lift in rapid succession for a total lifted weight of 1, 850G 1b. Ave-

rage lift speed is 500 ft/min,

ENERGY STOkAGE REQUIREMENTS

Having established scenario D, as the galected mission, energy require.nentz

for the hoist were computed using the following susumptions:

e Drive mnoor ovput a 2 hp continuous
* Total lossex from motor to flywheel (including %ll ancillary

losses) a I hp maximum

* Flywheel to hoist book efficianty a 80 percentS* Maximum hoist height a 210 ft
* Average hoist or lower rate x 8.33 ft/sec or 50 ft/min.

* Maxinmu load = 600 lb for one hoist per mission

I .... .. .... ..... ...•t,, ...... ... ..•- " • ••• '' , '•e • " • ' • ••.. ........... .. .. ...... .." ' ' ' ' • • • • ' '
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Table 3-1

WORST CASE. MISSION SCENA=iOS

No. of Hoist Operations. Weight
Scenario ..- Hoisted

200 Lb' 400 Lb 600 Lb Total (lib)

A 9 0 0 9 1.800

B 7 1 0 8 1,800

C 6 0 1 7 1,800
D. 5 2 0 7 1,800

E 4 1 1 6 1. 800

F 3 3, 0 .6 1.800

G 2 2 1 5 1,800

H 1 4 0 5 1,800

1 0 3 1 4 1,800
Sj o 0 1 3 1, 400

i K 1 2 10,000

•L 0 0 1 1 600

Notes:
I. Asswne 600-lb hoist is always accomplished

last.

2. Assume'all hoists are 210 ft at 8.33 ft/sec
average rate.

3. Energy considerations:

Energy input to flywheel 4 w 12.43 w-hr/ .

Hoisting energy in w-hr. = Weight' (height)/Z. 655VFlywheel energy in w-hr 0

Tiaimum hoist or- lowering time z Z 0. 42 min.
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o Dwell times at top and bottom are the following:

Load (ib) Dwell Time (min.)

200 0. Z5

400 0.50

600 1.00

(Note: No Dwell Time is required at top prior to the first or
after the last hoist)

Energy requirements are as follows:

Hoisting energy 142. 37 w/hr

Flywheel energy 177.97 w/hr

Enerfy into flywheel during mission IZ2. 84 w/hr

Flywheel usable energy 55. 13 w/hr

Table 3-2 summarizes the energy calculations for all 12 missions.

HUMAN FACTORS CONSIDERATIONS

A cursory human factors engineering evaluation of the personnel rescue

hoist currently in operational use by the Army was conducted during Phase

I. The primary objective of this evaluation was to determine whether or not

the hoist is designed to permit the operator to do hia job with efficiency,

speed, and safety. This evaluation involved: (1) operation of the equipment,

(2) observation of others operating and being hoisted by the equipment, (3)

interviews with active-duty Army helicopter crew members and medical

personnel who have been involved in rescue operations in Southeast Asia

using this equipment or other methods, and (4) reviews of hoist and UH-lH

publications. it rapidly became apparent that, so far as the hoist itself is

concerned, deficiencies in performance that led to the award of this contract

are related to:

o Problems of design

* Problems of integration into the UH-l family of helicopters

* Problems of application in the field
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It also became apparent that the blame for unsatisfactory operation in the

field should not rest entirely with the hoist. The hoist is only one component

of the total "rescue system" that is required to affect recoveries of imperiled

troops or downed airmen. Other components of this total "system" are

equally responsible for unaccept-.ble delays in extracting rescues from the

ground through jungle canopy or tree lines, and for the added risks such

delays impoce on the helicopter, its crew, and the rescuees who may already

have been taken aboard. In other words, making a better hoist is not going

to solve the whole problem, even though a more durable, reliable, maintain-

able, and operable hoist design is required for this application. An overview

of the "rescue system" cozicept will clarify this point and disclose what can

he done to improve the personnel-related elements of the hoist itself as well

as hardware-related design or performance deficiencies.

An "optimized rescue system" capable of meeting all of the Army's opera-
tional requirements in Viet Nam is shown schematically in the left-hand
column of Fig. 3-1. All of the elements of an idealized system, as shown

in Fig. 3-2, are represented in this concept of the point-design rescue sys-

tem. These include a jpecially-designed aircraft; an optimized hoist sub-

system integrated fully with the airframe, powerplant, crew compartment

arrangement, and aircraft performance/ stability envelope; optimized crew

stations; trained and qualified personnel equipped with the necessary per-

sonal restraint and protective gear; adequate logistic support; and resa aecs

who are familiar with their responsibilities in preparing for and collaborating

in their safe and expeditious rescue from the combat scene. All of the ele-

ments of this system are developed together as a matched set so they will

function together in a highly efficient manner with minimal risk to personnel

and equipment.

Obviously, this ideal system departs significantly from the teal world of

operational, economic, and time constraints. Some of these realities and

constraints are listed in the center column of Fig. 3-I. They are the causes

or the effects of the rescue system as it exists operationally today. This
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existing system is simply an overlay of hardware, procedures, and doctrine.

a collateral assignment, as it were, for helicopter units in-being, hastily

assembled to meet an urgent but relatively infrequent need in the combat
L. zone - a need not sufficiently compelling tM warrant the dedication of specific

aircraft, crews, and equipment to do the job wherever it might have to be

done within the combat radius of the assigned helicopter type. This existing

system, comprising people, hardware, and the procedures for its use and

maintenance, is shown schematically in the right-hand column of Fig. 3-1.

When the "optimal rescue system" is compared side-by-side with the exist-

ing, it is obvious that the present assembly of components will not achieve

the performance of the specially-designed system. Even though this is

readily apparent, certain remedial actions can be taken to improve the sys-

tem in operational use today.

Two avenues are available for improving performance. One involves im-

provements in the design of hardware subsystems. The second avenue avail-

able relates to the Personnel System, which the Army defines as the Human

System Components and all of the aspects of design, personnel Gelection,

training, job performance aids, and human performance testing necessary to

assure that Army personnel will do their jobs accurately, rapidly, and safely,

and with minimal demands upon supporting organizations. The five eiements

comprising the Personnel Subsystem (PS) concept are illustrated in Fig. 3-2,

together with the questions these PS elements are designed to answer e'uring

the system development process. In effect, the PS concept (in use within

DoD since the mid-Fifties) treats both people and hardware as system com-

ponents. As with hardware components, people can be selected for their

suitability to perform required functions, they can be modified through train-

ing to achieve improved performance or additional capabilities not available
in the "off-the-shelf design," and they can be tested to assure satisfactory
performance as part of a man-machine system. Although this is an over-

simplification of the concept, the potential for improving the performance of

any system lies at least in part in improving the performance of the human

components. Figure 3-3 illustrates this parallel in outline form.

3-11 31
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Since improvements iii system performance can be achieved by modifying

either the hardware or the human components or both, several degrees of

freedom are available in selecting remedial actions. Figure 3-4 traces a

path through a series of possible modifications in Lhe Pr-orel Subsys

and hardware subsystems, any one of which has the potential of improvingpefrac.Note that most of the PS modifications involve: (1) icesn

Sthe knowledge or skills of the rescuees by training, briefing, better printed

(or painted) instructions, or voice-communicated instructions, or (2) in-

creasing hoist operator performance by improving his knowledge and skills
S~~by training, practice in operations, and improved job performanre aids.

Since human factors engineering is the hardware-oriented PS element, im-

Sprovements in the design of the rescue device and the hoist and its related
S~~components can also enhance rescuee and operator performance. Some of,'

these remedial actions are, perhaps, beyond the scope of the USALWL mis-

sion. Most that are directly related to the design of the hardware and the

procedures for its use are not. The main thrust oL this an- future phases

should therefore concentrate on these remedial actions until such time as

an optimal system is established ;ts a firm requirement by the Army.

Problem of Design

As stated above, evaluations of the existing hoist and the procedures for its

use disclosed several operability problems related to hardware design. The

most significant of these are listed below:

1. Manual hoist controls incorporated into the control handle/cable

assembly are designed for left-hand operation. Since the left

hand is frequently used to guide or to provide tension on the cable.

hoist controls are frequently operated by the right hand, just the

opposite of what they were designed for.

2. Control "feel" (feedback) in the two-speed range control swtich is

poor. The "breakout" force to switch from OFF to SLOW, and

from SLOW to FAST is high, making "inching" (small movements

of the cable) difficult.

in

3-13



LMSC -DZ67477

Z E

Uk

4- 
-

hi- 

--- 
- -

-

hiE 

>

0aUU0

a .4410 r'!O -. p 0 Ri

3-0



LMSC-D267477

J
3. Control "feel" in the intercom switch is lihewisa poor, but in

this case because it is soft.

4. There ls no direct indication of tae length of cable payed out.
• '•5. The pyrotechnic or ballistic cable cutter is unreliable., This

is a Flight Safety requirement; aircraft have been lost because

a jungle penetrator or other recovery device has caught in trees

and neither the hoist operator nor the pilot was able to cut the

cable to prevent upsetting.

6. Exposed hoist mechanisms are potentially hazardous and visually

distracting during operations. They are easy to damage acci-

dentally or williully, if an operator wishes to abort a mission.

7. The need to provide tension on the cable and to control the hoist

simultaneously forces the hoist operator to lean way out of the

compartment. Poor downward visibility usually requires him tc

do the same thing. This is a streissful operation at best, requir-

ing ultimate confidence in the restraint harness and safety strap

assembly that connects him to aircraft structure. The hoist itself

does not offer an obvious and convenient hand hold for hanging on.

8. The hoist boom swings into the area needed by the operator to

man-handle rescuees into the aircraft.

Problems of Integration

Certain problems associated with hoist operation have arisen because of the

requirement to install the unit in the UH-l family of helicopters. These are

referred to as problems of integration:

1. Installation and assembly of the hoist by one man in one hour is

desired by TM 55-1520-210-10, Operator's Manual, Army Model

UH-ID/H Helicopters, and UH-1-24, Installation and Operating

Instructions - Internal Rescue Hoist, Revision A, dated 14 May

1971. The hoist assembly exceeds the maximum weight specified

for a one-man lift in MIL-STD-1472A, Table X, however.
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2. The tasks of the hoist operator must be performed in squatting,

stooping, kneeling, or prone positions due to the limited internal

height of the UH-ID/H cabin. All of these working positions are

inefficient for man-nandling rescuees, and lengthen the time

required for installing the hoist and performing personnel rescue/

recovery operations.

3. Instructions for installing the hoist are not simple or particularly
• " lucid. Frequent installation and removal as required by combat

needs does decrease the time required to perform these tasks

"because of learning and practice effects. Reductions in performance

times could be achieved at the outset, however, by utilizing PIMO-

formatted operation and maintenance manuals instead of conventional

TM-formatted manuals.

4. The UH-l skid-type landing gear common to this family of helicopters

interferes with downward visibiliAty, diminishes penetrator clearance as

the cable is payed out and retrieved, interferes with the rescuee as

he is being brought up to the aircraft, and lengthens the time de-

voted to positioning an able-bodied man for retrieval into the air-

craft cabin. The skid gear seriously impedes retrieval of injured

or disabled rescuees, requiring careful positioning and rotating on

t,•ie part of the operator to prevent the rescuee from being further

inn~'rad by the skid gear; this, of course, introduces further delay
aW ltngthens turnaround time.

5. Thv ?:'g• of the hook anu attached rescue device (jungle pene-

trator, ein&, oi other device) is suck that the rescuee is below

the level n •,he cabin deck when the cable is fully raised. This

also result,. i'elays in •ositioning the rescuee for retrieval

(pulling/draggi ng) Into the air:raft.

6. The jungle penet.raor is an innovative concept and appzrently the

best device currently available for extraction of rescuees through

tree-covered ground. Its design is not optimized for deployment

and mounting without assistance, however, and its appearance is

puzzling to the untrained user. The longest delay in a typical mis-
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sion timeline is due to the time neceseary to figure but what to do

-ith it, how to mount it, and how to restrain yourself on the way

up. The time required is lengthened for a two-man lift, even

though such lifts are performed infrequently. Three-man lifts are

never tried with the penetrator, even though it was designed for

that maximum capability.

Problems of Application

Certain problems have arisen as a result of the manner 4n which the hoist

has been used in the field, or rather, mis-applied. As sujgested above

under problems of design, the hoist is vulnerable to willful negligence or

intentional destruction through jamming, over-temperature operation lead-

ing to motor failure, and intentional breakage because vital components are

exposed. While this type of damage cannot be entirely eliminated, redesign

of he hoist and incorporation of protective covers can result in significant

reductions in downtime and improvements in equipment availability when

rescue missions must be performed.

The performance of personnel rescue or extraction missions is hazardous

under the best conditions in a non-hostile environment. Under combat con-

ditions, dwell time in hovering flight often means flirting with death. Reduc-

ing the time required in hover for a given lift is therefore a critical fa-tor

in survivability. The lack of hoist reliability and the widespread practice of

limiting lifts to two men as a maximum have led to a condition of "under

using" the hoist. In other words, the full capacity of the hoist/aircraft is

rarely utilized during any one ground-to-aircraft lift cycle, thus Incre•asing

the number of cycles and the time required to rescue a given number of men.

Overloading the hoist/aircraft during lifts is very rare because of the up-

setting moment imparted to the vehicle during the lift. The tendency, then,

is to underload. The only way of knowing what impact a load will have on an I
aircraft is to apply collective pitch to raise the load off the ground before

hoisting in order to determine whether the limits of aircraft controliability

3-17
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are being approached. Thor* to., however, no way of! knowing whezher the

limit of hoisting capacity im being c~pproached Moreovor, there is noc way

of knowing whether the hoiet Is reaching ita limiting temperature; the opei:&-

tar simply has to comply with the cautions set down in the' applicab~le itistruc-

tiouas in order to avoid a." over -temperature condition. Once the limited

number of consecutive lifts hax been performed, the helicopter mast fly

around until the hoist motor has cooled. Lack of direct readings of capucity

remaining and of temperature, then, results in further delays anid the ex-

penditure of precious time and fuel in cooling the unit before continuing the

rescue /extraction miscion.

Human Factore Consideration in the High Performance Hoist

While it is recognized that the development of an oivtimized "rescue system"

(Fig. 3-1) is beyond the scope of this effort and exceeds the mission of the

USALWL, significant strides can be made in the achievement of improved

performance of existing system eleme~ats. including the hoist, the operator's

controls and displays, the pendant hook, the jungle penetrator, and the related

perttonnel subsystem elements that do fall within the responsibility of the

procurinS activity. Many of the problems of design, integration, and appli-

c*ation reported above can be minimized and some completely eliminated

througha the prudent application of the systems approach and related humanI ~factors engineering principles during the development of the high perfcrzrmace
hoiat concept.

Of the two proposed designs. the preferred concept shown in Fig. 7-2 1, Sect. 7,
was evolved on the basis of a systems approach. It incorporates Innovations

that eliminate the sources of somne of the problems enumerated above. P~lace-

ment of the hoi e4 and the extension boom' at orposite sides of the helicopter

cabin reaults in a more favorable distribution of weight about !be longitudir.l

centerlines ol the aircraft and permits the boom and integral pulley to reach

fa~rther out of the cabin than with either the existing or the new boom-mounted

units. Clearance past the skid Sear is significantly increased; this simplifies
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the task of raising the reecuee up to the threshold of the cabin and drawing

him inside. The hoiat and drive unit no lprager consumne valuable space~ in

the primary ingres's opening. Their aepar~iora in~to two atnits for installa-

tion n theaircrft rsults in smaller, lighter units that should be easier

fo oe antoistll oe ta ine hr ofiuainsol ald be.

p thie unit wileue'entiatlly eliminate design problems 6 wad 8 and integration
problems 1, 4, ad5, noted above.

An electromachaiaic~al guillotine device for esevering the cable and a simple

guardnd mechanical backup are nuggested is alternatives to the existing gas-

toperated devict to increase. reliability to an acceptable level. 'This effort

will address design problems I through 5, iund result in recommendations

for reconfiguring the pilot's hoist conaiýrols aa well.

As indicated in the discussion of personnel subsystezr modifications to

Improve oiverali system perfornianct, attention should be paid to the pre-

paration of installation and operating instructions for the redesigned hoist,

including inaterial for insertion in the Uii-lD/H -10 Technical M~anual, and

to the preparation G1 supplementtl training and familiarization requirem!ents.

Adoption of PIMO-formatted operating and maint~enance manuals may be pre-

mature uiur ing Phases I and II of the high performance hoist developme itI

effort; therefore, it is recomrmended that their preparatio~n be deferred until

the assignment of prodect responsibility is made to a commodity command.

In the interim, preliminary operating itnstruqtions will be provided.

increasing the rate of descent and ascent from 100 fpm ta. 500 fpm will~nbt

result in 6ignificant acceleration stress upon the credwman descending withI

the hoist or the rescuee ascending on a jungle penetrator. Acceleration's

will be experiznced in the plus Gz direction (eyeballs down); tolerance ina
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this direction along this axis far exceeds the rates of onset and levels that

will be exptrienced during hoiating operationrs.

Redesign of the hook to prevent accidental release of a rescue device will be

required. In addition, it would be very desirable to review the design of the

jungle penatrator in detail, and to determine the ways in which that device

can be reconfigured to assure that its use is obvious by design, If significant

improvements in "boarding time" cannot be achieved over those experienced

in the field, alternative derigns will be explored and the most promising con-
figuration will be recommended for further development.

g0
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I

3-40



1Z
LMSC-DZ67477 i

Section 4

FLYWHEEL STUDY

Better materiais for fabricating flywheeis and the use of computer analysis

in determining optimized flywheel shapes and operating speeds has in recent

years greatly advanced flywheel technology. Its use as a highly effectlve

energy storage device has enhanced its suitability for many applications

including passenger automobile and mass transit vehiclea. Itr ability to
store more energy per pound than almost any other form of energy storage
system makes it a strong contender for use on board a helicopter where any

form of energy is at a premium.

K
FLYWHEEL DESIGN STUDYV
Energy is put into a flywheel by increasing its rotational speed, thereby

imparting an Increaae in kinetic energy to the rotating mass of the flywheel.

This stored energy is used by the load connected, causing the flywheel to

Plow down. Common practical applications of the flywheel are seen in the

internal combustion engine and the inertia aircraft starter.

The specific energy of a flywheel is represented by the simple relatioi ship:

E = K S

where:
I ~ E to specific energy in in. -Ib/lb

K S to the flywheel shape factor (dimensionless)
" in the material design working stress level in psi

A is the material density in lb/in. 3
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FLYWHEEL SHAPE

Flywheel shape factors for several flywheel geometries are shown inTable 4-1I.

The superior energy density of the constant-stress flywheel may be attri-
buted to the fact that all particles of the flywheel are placed in bi-axial
stress to a uniform predetermined working level. By contrast, in the rim-

type flywheel, only the outer band of particles of the rim are at the maxi-

mum predetermined working stress level and this band is only in uni-axial

hoop stress. An obvious choice for the helicopter hoist flywheel would be a

tapered disc of exponential or conical cross-section.

Table 4-1

FLYWHEEL SHAPE FACTORS FOR VARIOUS GEOMETRIES

Shape Factor
Flywheel Geometry (KS)

Constant-Stress Disc (OD -. o) 1.00

Modified Constant-Stress Disc (typical) 0.931

Truncated Conical Disc 0. 806

Flat Unpierced Disc 0.6061. IDThin Rim (00 -- oo) 0.500

Shaped Bar (OD -a o) 0.500

Rim with Web (typical) 0. 406

Single Filament (about transverse axis) 0. 333

Flat Pierced Disc '0. 305

4-Z
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In order to optimize the design of the flywheel, tradeoffs must be made

involving flywheel speed, diameter, minimum thickness, maximum stress,

and weight. In order to facilitate this process, various existing LMSC fly-

wheel designs were rescaled with respect to speed and diameter to give

the resultant minimum thickness, maximum stress, and weight. The use

of some type of steel was assumed since previous studies have shown that

only steel has the necessary high strength to density ratio for good energy

density and relatively high density for miaimum diameter. A programmable

calculator routine was written for this purpose. The calculator outputs
were arranged in matrix form to facilitate evaluation. A typical set of out-

put is shown in Fig. 4-I. The flywheel scaled in Fig. 4-1 is a constant

stress exponential disc with a rather large hub-to-tip thickness of 7. 12,

giving a shape factor of 0.93. An examination of the results in Fig. 4-1

shows the maximum stress levels to be very low.

It is possible to reduce the flywheel weights shown in Fig. 4-1 by using an

exponential flywheel with a lower hub-to-tip thickness, but this will also

cause an increase in maximum stress. Figure 4-2 shows the same matrix

using a "flatter" exponential 'disc with a hub-to-tip thickness of 2. 17, giving

a shape factor of 0.81. Comparing results of the two matrices, it is seen

that the flatter disc (Fig. 4-2) has lower weights and higher stresses. Be-

cause the stress values are so low in either case, the flatter shape was

chosen because of its lower weight. Further flattening (toward a flat disc)

does not appear warranted as the stresses increase faster than the ",,eight

goes down.

In selecting the final speed and diameter, tradeoffs were made among speed,

diameter, machinability (minimum thickness), bearing life, bearing losses,

envelope dimensions, safety, gearing requirements, and weight. The speed

and diameter finally chosen were 28, "00 rpm and 17-in, diameter.
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FLYWHEEL MATERIAL

The maximum stress in the flywheel is seen from Fig. 4-4 to be 60,916 psi.

This stress level is sufficiently low for a number of high atrVP,• f steels to

be suitable. In order to maximize safety factors, the alloy chosen was

S4340. This alloy can be heat treated as high as 260, 000 psi while maintain-
Sing good ductility and elongation, permitting safety facto-.s as high as 4: 1.

! GYRODYNAMICS

The most obvious and useful characteristic of a flywheel is its ability to

absorb, store, and release rotational energy. A secondary characteristic

is the precessional torque effect which is detrimental in the case of the heli-

copter hoist. Precession torque is developed bv the flywheel and imposes
i relatively high radial loada to the flywheel support bearings whenever a dis-

turbing moment acts on the flywheel in a direction normal to the flywheel

spin axis. This gyrodynamics effect depends upon a special form of Newton's

law hichstates thai •. vapidly spinning body rigidly resists being disturbed

and tends to react to a disturbing torque by precessing in a direction right

angles to the disturbing torque. The upsetting torque is imposed by rota-

tional movements of the helicopter. Roll, pitch, and yaw motions are com-

mon wo helicopter flight and these motions could easily impose the disturbing

torque upon the flywheel unless the flywheel was suspended in a gimbal or

other mount which could n,)t transmit the disturbing torque.

The magnitude of the precession torque is calculated as follows:

T = Iw.jifl

where:

Tp= precession torque, ft-lb

I = flywheel inertia, ft-lb/sec 2

w = 'lywheel rotational speed about its spin axis, rad/sec

f = rotational speed normal to spin axis, rad/sec

4-6
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Discussions with the stability and controls group engineer at Bell Helicopt-2r

regarding roll, pitch, and yaw rates of the UH-IH helicopter established

that a 1. 0 rad/sec rotational speed was not uncommon and is the rate nor-

mally used in analyais involving extreme helicopter maneuvers.

Although the bearing loads as a result of precession torque loads are rela-

tively high, the system does not require special suspensions or gimbal

mounts. The cumulative effect of ther short duration loads are not suf-

ficient to cause any great harm to or seriously reduce the life of the fly-

ieel bearings. (Reference Appendix AZ.)

The calculated precession torque for the selected flywhe'el at rated flywhee.
speed and 1. 0 rad/sec disturbing rotation rate is 132 ft-lb which is resisted

at each support bearing by a radial force of 396 lb. The effect upon heli-
17 f copter control is minimal.

A more detailed analysis of these precession forces are included in Appen-

dix A2.

4-7 (
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Section 5

SAFETY AND COST CONSIDERATIONS

SAFETY CONSIDERATIONS

•: The flywheel powered hoist is primarily• intended to alleviate some of the
hazards presently associated with helicopter hoist rescue operations due to

a shortening of hoisting and hovering time. It is necessary to be assured

that the addition of the flywheel does not introduce significant new hazards

k" which would offset this advantage (see Fig. 5-I). All forms of stored

energy can be hazardous if the energy is released in an undesired manner.

Furthermore, the flywheel is also a gyroscope and as such can transfer

precessional forces into the airframe. HIigh precessional forces could ad-

versely affect the stability and control of the aircraft.

Investigation of the gyroscopic effects of flywheel hoist installed in a UH- I

helicopter indicates that these effects are not significant. With a fuselage

pitch rate of one radian per second, a roll moment of 132-ft-lb is generated.

Thit is equivalent to a 132-lb man moving one foot laterally which is well

within the controllability of the aircraft.A

Undesirable release of energy stored in the flywheel can be in the form of: 4
catastrophic disintegration, transfer of moment into the airframe, excessive

heating, or excessive vibration. Catastrophic disintegration, in turn, could

conceivably be the result of overspeed, fatigue failure, deficient physical

properties or ballistic or crash impact.

The hoist system under consideration is not in any danger of critical over-

speed. The helicopter generator itself maintains a maximum operating speed

due to the requirement of not exceeding the maximum rotor design speed

beyond an established margin. Furthermore, voltaga protection can be pro-

vided in case of voltage regulator failure. The hoist motor maximum speed

5-1I
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selection is well below the burst speed of the flywheel, thus ensuring against

overspeed and possible bursting of the flywheel. The design decision to dis-

engage the flywheel from the drum during the descent phase assures that

energy from the descending load cannot add speed to the flywheel.

A potential fatigue failure problem could exist if the flywheel were subjected

to sufficient stress cycles resulting from repeatedly spinning the flywhesl

from rest to full speed. To assure that this does not occur, a design cr-

teria of 10, 000 stress cyclea is established (equivalent to an annual average

of i, 000 full cycles for a ten-year life). Since consecutive lifts of 200. !b

do not constitute full cycles, this assumption seems to be conservative.

The stress level of the selected flywheel is 61, 000 psi at a design speed of

28, 000 rpm. Material selection and hardening car, readily provide a 4-to-l

safety margin.

A flywheel could also fail if its physical properties are less than specified.

To assure that this does not occur in the manufacturing process an overspeed

spin test can be run on each flywheel, over and above normal quality control

procedures. Furthermore, precautions must be taken to pievent deteriora-

tion su%"- as corrosion during storage. Finally, inadequate maintenance

should b. guarded against. Unit replacement with depot overhaul of the fly-

wheel chamber is recommended to avoid maintenance deterioration.

Severe impact on a flywheel spinning at full speed must be considerod. The

only impacts which can be conceived as having sufficient magnitude to destroy

a spinning flywheel are crash landing and P direct hit by a projectile. The

results of a ballistic impact upon a fully stressed flywheel are not known at

this time. Stch a hit may be radial, axial, or oblique. Even if it is eventu-

ally established that the prol  "4*v of the flywheel bursting is relatively

high, the probability of the, ", relatively low. The total cir-

cular area of the flywheel is less ,:ch amaller than vital targets

within the helicopter such as the flight . .ilot, engine, and trans-

mission. It is unlikely that this full circular target will be presented. It
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is much smaller in edge view or obliquity. Furthermore, adjacent equip-

meiat such as the electric motor and hoist druzn can provide shielding from
small arms fire.

The posdibility of a flywheel disintegration greatly increasing the radius of

destruction in a fatal crash requites that adequate crash load criteria be

assigned to the flywheel assembly. It is fortunate that the flywheel occupies

the safest location in the aircraft in respect to Landing impact. It is most

valnerable in the event th at the helicopter falls from a co.isiderable height

and lands flat on the side of the fuselage on which the flywheel is installed.

Otherwise, the full ground impact io greatly attenuated by progressive

deformation of the landing gear, fuselage pan, cabin structure, mounting

structure, and flywheel enclosure. The fly-wheel at full design speed exper-

iences 140, 000 g's at' the outer rim. Current vertical crash load c-riteria

requires that helicopter installed equipment hold together at 45 g's. If a

4/1 stress safety factor is used, tWie flywheel will burst at 560, 000 g's

applied in a radial direction at the outer rim.

If a significant portion of the momentum stored in the flywheel is suddenly

transferred into the airframe, an uncontrollable moment could result. With

the selected configuration thia would be a roll '-nomnent. The momentum

transfer could result from a bearing, gear train, or vacuum failure, or

from a distorted housing. It is anticipated that in eaz:h case the transfrr

would be over a considerab)-_ ;-ngth of time. However, during the critical

portion of the hoist opez' •.lcn, the pilot may be using all available lateral

cyclic pitch. To avoid additional moz. 3nt being applied the flywheel is

installed so that any roll moment would be in the opposite direction from

that imposed by the auspended load. It is not anticipated that even with a

light suspended load the roll moment imposed by a faulty hoist assembly in

the opposite direction would exceed the control available to the pilot. How-

ever, if future investigation proves that this is indf-ed a significant problem,

automatic emergensy Jettisoning of the flywheel assembly is a distinct possi-

bility. In this event the moment imposed by the flywheel can shear a section

at the top mounting and rotate outboard on a pivoted bottom mounting.
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A flywheel can generate heat by either rubbing on its housing or by a sudden

vacuum filure. In the case of friction heating with contact with the housing

an ignitable substance is not present. However, in the case of a vacuum
failure, both combustible oil. and air might be subjected to heating. Fortu-

nate~y, there is aome operational experience in this arer. The following

quotation ia from Reference 9.

"The flywheel tip is traveling at 132,000 ()

in an evacuated housing (Z cm Hg abs). It was originally feared

that if a leak occurred and a lubricating oil - air mixture entered

the hous-ng, there was danger of a fire or explosion. Several

leak4 of this type have occurred and, so far, the only effect has

been flywheel slowdown and increases in flywheel houaing temper-

atures approaching 350°'

This indicates that is possible to design a flywheel and its assembly vo that

ignition temperature is not acbieved.

SAn unbalanced flywheel can produce vibrations varying in magnitude with the

degree of unbalance and vaxying in .-equency from zero up te order of 500

Hz. All critical frequencles in between will be passed through as the fly-

wheel slows down. Much of this vibration will be att-enuated by the installa-

tion mounting. HIowever, it is anticipated dt osit-of-balance problerný can

be avoided by design, quality coitr-l, and maintstnance procedurci.

COST CONSIDERATIONS

Cost considerationi involved in lottoducling a new high per'formance rescue

hoist include variouks as Pcts of the total litfe-cycle ccst of the hoist, and the

eiffct of the new ho.at upon the coit-effectivencss of! the total air rescue

system. Life~cycle costs include all developmenit, procurement, and operat-

ing expeaditures, iuclud.ng impact upon the Army"• logiotics system,. over

the life of proiuct froin the "cradle to the mrave. , A
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Life-Cycle Costs (Figure 5-2)

A new, high performance hoist will have certain non-recurring start-up

costs including prototype engineering, test and evaluation, production

engineering, documentation and tooling, service and operation manuals,

initial ipares, and introduction of a new line item. The relative signifi-

cance of these costs in comparison to the total life-cycle cost is deperident

upon the time duration of the life cycle. If this equipn~ent is tied to one

type of aircraft, which will be nhased out in the, not-too-distant future, these

costs will be relatively high. Tt, avoid this situation a design goal has been

established to make the hoist compatible w~th a wide variety of configurations,

so that it will not become obsolete with the introduiction of the next generation

of helicopters.

Ilitial acquisition cost varies with average unit cost and the number of units

required to supply a selected number of aircraft. The average unit cost is

sensitive to complexity, weight,, production quantity, and production rate.

N t* rýý, anticipated that ther'e will be a reduction in complexity or weight

witi, the introduction of a new, higher performance hoist. Hcwev'er, a

design goal for the new hoist is to provide 'sufficient versatility fo', the

hoist to be applicable to more than one type of aircriift, so that average

unit coat advantages can be obtained.

The number of units required to supply a given size of helicopter fle~t may

well vary between different hoists, depending on relative operational avail-

ability. If hoist availability is low, as in the case of the existing equipment,

a large maintenance float quantity is required to keep the desired number of

ai:!craft tquipped. The new hoist concept has unloaded the electric motor

increasing its reliability and eliminated thes fatig•ed problem of a wire rope

ruoning through a capstan. The flywheel itself is a long life, high reliability

component. Hoist availability will be improVed if the new design incorpo-

rates field drum replacement, which will mean that the hoisgt will no longer

be sent to 'a rear e.helon to change a hoist cable.
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Increased motor reliability, increased hoisting line life, and field replace-

ment of hoisting line also have operating cost advantages reflected in re-

duced maintenance manhours and reduced consumption of spare parts. Fur-

thermore, if synthetic rope is used in place of the present stainless steel

wire rope, the cost of a replacement hoist line can be reduced to a half.

"Helicopter rescue hoist operational training costs can be very significant

since considerable costly flight time is required. The costs of a pilot, co-

pilot, and inst.ructor must be included, as well as that ol the students. The

number of hoist lift cycles experienced by the student is indicative of his

degree of training, and more lift cycles per flight hour are possible with the

substitution of a high performance hoist for present equipment. Further-

more, the number of students aboard the helicopter, observing each others

performance can be profitably increased, if each has the opportunity to

operate the hoist himself during the instruction session.

Cost Effectiveness (Figure 5-3)

The cost effectiveness of the rescue hoist must be viewed as part of the

cost effectiveness of the total rescue system. The measure of effectiveness

for this total system could be expressed as "dollars per man rescued. "

The high performance hoist has a five times increase in speed and doeF not

require a cooling off period between cycles. Thus, for a given flight time

more men can be evacuated. Conversely, less flight time is requirod. to

rescue a given number of men. Dollars per flight hour can be established

for any particular aircraft.

However, the primary purpose of high performance from a rescue hoist is

to evacuate more men, while spending less time h. Extended hover

time means increased vulnerability due to engine failure and ground fire.

Not only must the cost of helicopters lost be added to the total cost of

rescue operations, but any helicopter crewme, must be subtracted

front the total men rescued.
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In addition to an increase in hoist spese, the selected hoist design has the

potential capability of in-flight replacement of a drum and its hoisting line.

This feature could eliminate a portion of mission aborts resulting from a

requirement to use the guillotine. Being able to complete the rescue on

the same mission with a new line obviously pregents a significant increase

in dollars per man rescued.

Cost effectiveness of the rescue system is drastically affected by aircraft

availability rate, which is in turn affected by the availability of the hoist.

Thus, the planned improvement in hoist availability is sifnigicant in terms
of cost effectiveness as weU as life-cycle cost.
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Section 6

DESIGN STUDIES

FLYWHEEL SPIN-UP TECHNIQUES

Only a limited supply of electrical power is reserved for hoist operation

during any rescue mission. The present hoist uses a maximum 117 amp

from the helicopter 28 V d.c. supply. Since the proposed high performance

hoist is conatrained to work to this same maximum power consumption or

less, the flywheel s-in-up technique used must be efficient.

The inefficiencies of utilizing a motor to drive a hydraulic or pneumatic

pump and, in turn, uzing the pump flow and pressure to drive the flywheel

with hydraulic or pneumatic motors is obvious. The tradeoff study then

becomes simply a comparison of motor parameters in connection with asso-

ciated requirements such as inverters or connecting mechanical drive sys-

tems. Table 6-1 briefly summarizes three possible ways of spinning up the

flywheel.

The advantages of a system coupling the motor shaft directly to the flywheel

shaft are many.. High speed with no gear system promises low weight and

simplicity. Unfortunately, commutative problems limit motor speeds to

about 18, 000 rpm, well below optimum flywheel operating speeds. The a. c.

motors requiring no commutation could meet the high speed characteristics

required of a direct flywheel shalt connection but it requires an expensive,

complicated inverter for changing the helicopter electrical system d.c. cur-

rent into a usable a. c. current.

The best system shown as number 2 in the table incorporates a step-up gear

ratio to permit the flywheel *.nd motor to both operate at its uwn optimized

speed.
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FLYWHEEW/HOIST DRIVES

A detailed trade study considering many types of drive systems for connect-

ing the flywheel powered shaft to the hoist mechanism was conducted. The
most obvious results of this study establishes the fact that commercially
available variable drive units in the 10 - 20 hp category are limited to maxi-

mum output speeds of 3, 500 to 8,000 rpm and package weight was generally

too heavy for serious consideration for the lightweight, high performance

hoist requirements. Table 6-2 is a brief summary of the trade study of the

drive systems considered for the hoist transmission.I Drii t systems lacking the controllable variable output speed characteristics

was abandoned early in the study in favor of the variable drive systems since

this feature is considered essential for an optimized hoist design.

The basic variable speed systems are usually classed as mechanical, hydrau-

lic, and electrical. In general the simplest and least expensive of these is

the mechanical drive system with the electrical and hydraulic system offer-

ing higher horsepower capacity and wider speed ranges. Fortunately, the

relatively low power requirement of the hoist drive makes the mechanical

drive system an excellent candidate for the hoist. Most variable speed

mechanical drive systems have a limited variable speed or stepped speed

capability and are not classed as having an infinitely variable speed ra,.ge,

such as is possible with a hydrostatic or some electrical drive systnms

where output speeds can range from zero speed to maximum design speed

without sacrificing torque. However, certain mechanical drives do have

"infinitely variable speed" within its operating speed range. The dissipative

clutch has infinitely variable speeds from 100 percent down to about 10 per-

cent of input speed.

The results of this trade study clearly establishes the disripative clutch

drive as the prime candidate for vse in the helicopter hoist• drive.
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S~Table 6-2

FLYWHEEL/HOIST DRIVE

Control-_

Type Configuration ability Eff. State of Weight
Infinite Art Lb (1)

Variable

Yes 70-75 Yes 52-Moto
.Hoist 52-Gen.

Hyd. Hydro statile
Trans.

without Pump Motor Hoiiht Yes 80-85 Yes 72

Clutch

dHyd. H drostatic

with p Motor Hoist Yes 97 Ye. 100
Clutch

oo.Disiptie luth '•I V , ----.-Hoist " Yes 10-98 (2) Yes 40

Mech.
Trans. Trans. Hoist No 85-95 Yes 35
Fixed
Ratio

Mech.Trans.
Variable Trans. Hoist Yes 75-90 Yes 120

Ratio

HydroKinetic
Constant Hoist No 98 (4) Yes Heavy

Fill

Hydro
Kinetic Z-2IHoist Yes 0-98 Yes Heavy

Variable
Fill

Notes: (1) Weight of commercially available unit
(2) Wide range due to sip range assumed 10/1
(3) Generally classified as friction or traction drive
(4) Full rated speed only -..

6-4



LMSC-D267477

"CABLE HANDLING TECHNIQUES

The method used for cable handling on the prasent hoist is the capstan type

drive syatem. This consists of routing the cable over two parallel driving

drums and through a level wind mechanism into a storage drum under low

stress and constant tension.

A second method used for handling cable is the powered drum drive system.
rI

This consists of driving the cable storage drum directly with the cable under

load tension. Normally, some type of level wind mechanism is used in con- 3

junction with this type of drive, either an independent level wind or a system

which moves the power drum longitudinally.

Level wind mechanisms are used primarily to insure consistent cable wind
' ~on drum by ccntrolling fleet angle. This in copsidered necessary because

o1 the characteristics of the wire cables normally used on hoists. The cable

must be wound uniformly on the drum with no space between adjacent strandv

and no bunching on any part of the drum. Otherwise, the cable tends to foul,

backwind, or jump as it comes off the d'iwr.

A series of tests were run to evaluate the "self-level wind" characteristics

of the normally used wire cable, the swaged wire cable, and the plastic

braided roipe. The iatter two are being considered as alternates to the nor-

mally used cable for this hoist application. (Reference Cable Test P.eport,

Appendix B.)
4

The results of the tests indicate the plastic braid rope h"a the best level

wind characteristics at the larger fleet anglea; the swaged wire rope was

slightly worse; and the normally used wire cable was worst of all.

One of the design objectives is to retrofit the present hoist configuration

which requires a short distance from the drum to the power sheave; the com-

bination of fairly wide drum width and short center distance results in large

fleet angles which the pLastic rope tolerated better.

6-s
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Thus, this self-level wind ability makes it possible to develop a hoist with
a powered drum and without level wind mechanism which will result in a

more compact, lighter unit which will fit within the cpace constraints of the

present system.

The conmpliance of the plastic braid is an advantage for self-wind design
since even with the poor level winds experienced with large fleet angles

the plastic rope came off the drum smoothly with r- variation in wind-off

speedI. This compliance is also helpful in reducing the accelerrtion and

deceleration loads experienced near the top and the bottom of the lift cycle.

6-6
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Section 7

PRELIMINARY .HOIST DESIGN

Figure 7-1 shows a preliminary layout of the hoist design assembly

which incorporates the best overall configuration ba.sed on design studies,

trade studies, and tests conducted during this program. The major com-

ponents of the design include the:

"* Flywheel drive motor

"* Flywheel

"* Drive system clutch and brake

"* Drive gears and shafts

"" Housing

""r Rope drum

FLYWHEEL DRIVE MOTOR

The spin-up of the flywheel to be used for energy storage for the high per-

fctrm.nce helicopter hoist could be accomplished by a hydraulic, pneumatic,

or electric motor. However, since neither hydraulic power or compressed

air is available in suitable form, the most obvious choice of motor trie is

electric. In this way no incompatibility with. the existing hoist -to-helicopter

interface results.

Electric Interface

The presently operational hoist uses a maximum armature currcnt of 110

amperes and a field currentof 6, 5 amperes at a nominal 28 V d.c. from the

helicopter electrical system, This represents a maximum t!z-•ric power

of 3262 watts. The assumption has been made in this study that the same

maximum electric power is available for the new high performance hoist.

7-I
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The maximum input motor power then is 4.37 hp, such that even with a 60

percent motor efficiency, 2.6 hp is available for the spin-up of the flywheel.

Electric Motor Speed Range

A preliminary sear'h of suitable d. c. electric motors in the 2-to-Z. 6-hp

range has shown that the maximunm normal speed range for 28 V d.c. ma-
chine,: of this capacity is from 8, 000 to 18, 000 rpm. Since electric motors

arc generally sozed by the torque requirement, it is desired to operate the

motor at the highest practical speed to minimize motor torque and, there-

fore, size and weight for the horsepower required. The desirability of

matching the motor maximum speed to that of the flywheel (operational

speed range from 14, 000 to 28, 000 rpm) in order to eliminate the need for

a speed increaser between motor and flywheel is also obvious.

A detailed survey was then made oZ all known suppliers of high performance

d. c. motors of the type required for the new hoist. The vendors contacted

in this survey are listed below-

Airborne Accessories Corp., Hillside, N. J.
Ajax Corp., Rochester, N.Y.
Ametek/Lamb Electric, Kent, Ohio
B&B Motors & Controls Corp., New York, N.Y.
Baldor Electric Co., Fort Smith, Ark.
Bogue Electric Mfg. Co.. Paterson, N. 3.
Borg-Warner Corp., Morse Chain Div., Ithaca, N. Y.
Borg-Warner Corp., Pesco Products Div., Bedford, Ohio
Brook Motor Corp., Chicago, Ill.
Century Electric Co., St. Louais, Mo.
Demag Material Handling Corp., Solon, Ohio
Doerr Electric Corp., Cedarburg, Wisc.
Eaton, Yale & Towne Inc., Dynamatic Div., Kenosha. Wisc.
Electronic Specialty Co., Thomaston, Cnnn.
Galls Mfg. Co., Fairmont, W. Vi.
Gerbing Mfg. Corp., Elgin, Ml.
Hitachi America Inc., New York, N. Y.
G. K. Heller Corp., Las Vegas, Nevada
Hoover Electric Co., Los Angeles, Ca.
Marathon Electric, Wausau, Wisc.
North American Rockwell, Boston Gear Div., Quincy, Mass.
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H. K. Porter Co., Inc., Pittsburgh, Pa.
Rae Motor Corp., McHenry, Ill.
Reuland Electric Co., City of Industry, Ca.
Robbins & Myers, Inc., Springfield, Ohio
Seco Electronics Corp., Hopkins, Minn.
Singer/General Precision, Inc., Hertner, Cleveland, Ohio
Skurka Engineering Co., Los Angeles, Ca.
Standard Precision Div., Electronic Communications, Witchita, Ka.
Sterling Electric Motors Inc., Los Angeles, Ca.
Task Corp., Anaheim, Ca.
Westinghouse Electric Corp., Aerospace Electrical Div., Lima, Ohio
Westinghouse Electric Corp., Mac Motor/Gearing Div., Buffalo, N. Y.
T. B. Wood's Sons Co., Chambersburg, Pa.

The survey results showed that no standard motors are available in this

horsepower range with maximum operating speeds hfgher than 18, 000 rpm.
The lim-* an motor speed is the result of commutation problems.

Two means oL achieving the desired 28, 000 rpm motor speed were considered.

The first &1ternative is the design of a highly special machine with brush and

commuw"or modiicgtions suitable to permit operation at the desired speed.

The design of &uch -motors was proposed by three of the contacted suppliers.

"The develonpent cvsts and risks &ssociated with the design of such a new

machine appear to be unwarrmited in thWs program. A second alternative for

the high speed motor is the design of a apecial brushless d. c. motor which

uses a solid-state inverter to provide a. c. motor excitation such that brushes
are eliminated. At present such machines are being manufactured by two

suppliers in fractional horsepower sizet. The development of a new brush-

less d. c. integral horsepower machine for the hoist application is felt to be

too expensive at this time although the developnent risks are small.

As a result of the motor supplier survey, it was concluded that the electric,

motor for direct drive of the flywheel was not avimilable within the time and

cost congtrainto of the anticipated development program. Thus, it ix recom-

mended that a d. c. motor with a maximum spied of 14, 000 rpm be used in

conjunction with a 2:1 speed increasing gearbox to drive the flywheel. Such

a motor is well within the speed ?-ange of motors currently being manufactured

by several suppliers.
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Electric Motor. Type

The somewhat unique nature of the load imposed by the flywheel on the elec-

tri• motor during spin-up and the need to avoid any possibility of oversreed

are major conside rations inthe seltction of the motor tyr % to be ised.

V Series D.C. Motor

Trawtionally, driven in which a constant horsepower characteristic is re-

quired are accomplished by series type d. c. motors. The diagram showing

the basic connection and the torque-speed curve of a typical 2. 5 hp series

motor is shown in Fig. 7-Z. The series motor shown can provide the high

torque levels desired for startup and then deliver power to the flywheel at

essentially constant horsepower over a wide speed range. However, since

the spinning losses (bearing drag, seal drag, and windage) of Le flywheel are

expected to be quite low even at speeds substantially in excess of the maxi-

mum operating speed of 28, 000 rpm, the motor torque-5peed curve (Fig. 7-2)

uhows that the series type motor will continue to accelerate the flywheel above

the maximum operating speed. Since this possible runaway capability is un-

deirable, the series motor was rejected for the high 1arformance hoist

application.

Shunt D. C. Motor

The shunt field type d. c. motor has a definitely limited no load speed such I

that overspeed under light load conditions can be avoided. At the same

time, the shunt d.c. motor can prc:.ide sufficiently high torque for flywheel

accelerations and can supply fairly constant horsepower over the flywheel

2:1 operational speed range.

The diagram and torque-speed curves of a suitable shunt type d. c. motor

is shown in Fig. 7-3. The effect of variation of the resistance in series

with the sh-.nt field is shown by the three torque-speed characteristic curves
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Fig. 7-2 Series D.7C. Motor Characteristics
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of Fig. 7-3. A relatively simple automatic speed control system similar

to that shown in the diagram, Fig. 7-4, can be used to provide for spin-up
of the flywheel. The typical flywheel acceleration prdffle is also shown in
Fig. 7-4 by the 'eavy curves superimposed on the shu... ".c. motor charac-

teristics. As the maximum operating speed for the motor (14, 000 rpm with

a 2:1 speed increaser) is reached, a balance is achieved between flywheel

spinning losses and motor torque capability as shown in Fig. 7-4. However,

if the flywheel spinning losses !or any :reasor are reduced, the motor speed

can only increase to about 110 percent at maximum operating speed. Thus,

flywheel runaway is positively avoided by the use of the shunt type d.c.

motor. It also should be noted that the typical flywheel acceleration profile
follows the desired constant horsepower curve rather closely such that

minimal sacrifice in flywheel spin-up time results from the absolute over-

speed control provided by the shunt type motor.

The switching of field resistance values as shown in Fig. 7-4 can be accrm-

plished by an automatic relay circuit which uses a speed signal derived from

the speed increasing gearbox. As a motor speed of approximately 4, 500 rpm

is zreched, a speed discriminator will operate a relay with make-before-

break contacts to add resistance in series with the shunt field of the motor.

Similarily, as a motor speed of approximately 9, 000 rpm is reached, the

speed discriminator will again act to cause the operation of a second relay

to further increase the resistance in series with the shunt field. The motor

speed control circuit can automatically operate in the reverse manner as a

motor speed of about 8, 500 rpm is reached as a result of power being taken

from the flywheel during hoisting operations.

Finalized Motor Specification

The flywheel drive motor study and vendor survey has resulted in a motor

specification suitable for motor procurem~ent in the subsequent phases of the

high performance helicopter hoist program.
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Fig. 7-4 Flywheel Drive Motor Characteristics
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The spccification for the flywheel drive motor is as follows:

D. C. Voltage: 28 volts nominal

Motor Horsepower: 2. 0 continuou&

Enclosure Type: Explosion proof-fan cooled

Motor Type: Shunt with commutating and stabilizing fields as required

Direction: Fully reversible

No Load Speed: 16, 000 rpm maximum

Full Load Speed: 14, 000 rpm

Duty Cycle: 2. 6 hp: 15 min. on, 15 min. off, continuous

Efficiency: 65% or higher

Mounting: Square flange

Electrical Connections: All leads brought out 6 in.

Internal Shaft: 0. 50 pitch diam., internal spline

Weight: Not to exceed 15 lb

A second round of inquiries to d. c. motor vendors who have responded to the

initial survey indicated that a motor in accordance with the above specifica-

tions could be supplied by at least four suppliers using conventional manufac-
turing techniques.

Flywheel Spin-Up Characteristics

The spin-up characteristic for the flywheel of the high performance helicopter

hoist is shown in Fig. 7-5. Based on the reasonable assumption that an ave-

rage of 2. 0 hp will be delivered to the flywheel through the 2:1 speed increas-

ing gearbox, the spin-up time for a 73. 51 w-hr flywheel is seen to be less

than 180 sec. In addition, the plot of Fig. 7-5 shows that the flywheel will be

in the usable speed range (14, 000 to 28, 000 rpm) in approximately 44 sec.

FLYWHEEL

Specific study areas of importance unique to the flywheel such as type of

material, flywheel gyrodynamics, and safoty analysis are presented in
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Assumptions:
May. Speed , 28,000 RP

Max. Kinetic Energy = 73.51 v-hr.
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Fig. 7-5 Flywheel Spin-Up Characteristic
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Section 4 of this report. Other areas more mechanical in nature are pre-

sented her

Flywheel shaft size is primarily sized by the desire to keep the flywheel

operating speed substantially below the "natural frequency" speed, other-

wise known as "critical speed." This is done in order to minimize the prob-

lems associated with the high speed operation at near or above the critical
flywheel ;speed. Calculated critical speed is 82, 000 rpm providing a margin

of 3 to I over the nominal flywheel speed of 28, 000 rpm-. Actual margin is
less since the calculation assurnee infinitely stiff bearings and bearing sup-

port structure. Assuniing the radial flexibility of the support bearing and

support to be 106 b/in. reduces the critical speed to 51, 000 rpm, still pro-

viding a conservative m- argin in excess of 1, 80.

DRIVE SYSTEM CLUTCH AND BRAKE

Trade studies established the mechanical clutch as the prime candidate for

connecting flywheel power to the hoist. Like the flywheel drie motor, it

is primarily sized by the torque requirements. Higher operating speed&

require leas torque and therefore require smaller clutches. The shaft

speeds in the hoist range from 28, 000 rpm flywheel down to the 240 rpm of

the rope drum. Commercially available clutches nominally have maximum

operating speed in th'ý range of 3, 000 - 8, 000 rpm. Thi desire to minimize

weight leads to higher speidas where practicable. Calculations and dicus-

sions with cltch vendors established that 12, 000 rpm would be compatible

with the power requirements of the hoist. Accordingly, a detailed survey

w•s made of known suppliers of clutches and preliminary specifications

written for a clutch. Vendors contacted in the survey are listed below:

American Precision lnkuitries Inc., Delaware Div., East Aurora. N. Y.
Borg Warner, Rockford Clutch Division, Rockford, F,
Borg Warner Corp., Spring Div., Bellwood, M. 60104
Custom Products Corp., Polyclutches Div., North Haven, Conn. 06473
Eaton Towne & Yalo, Fawick Div., Cleveland, Ohic 44111
Electrical Company, rAv. of Valcor Cay, Union, N. J. 07083
Tormaprag Clutch Co., Warren, Mi.
Morton Mfg. Co., Inc.. Minneapolis, Minn. 55414
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General Time, Industrial Control Div., Farrington, Conn. 06790
Goodyear Tire & Rubber Co., Loa Angeles, Ca.
K-M Clutch Co., Ontario, C a. 91764
Kelsey Hayes Co., Meguon, Wisc. 53092
Machine Components Corp., Plainview, N. Y. 11803
Maxitorq, The Carlyle Johnson Co., Manchester. Conn.
Mercury Clutch. Canton. Ohio
Philadelphia Gear, King of Prussia, Fa. 19406
Pitts Industries, Inc., Dallas, Texac 75234
Precision Specialties, Inc., Pittman, N. J. 08071
The Bendix Corp., Utica, N. Y. 13503
The Conway Clutch Co., Cincinnati, Ohio
The Hilliard Corp., Elmira, N. Y. 14902
The Marquette Metal Products Co., Cleveland, Ohio
Tol-O-Matic, Inc., Minneapolis, Minn. 55415
Twin Disc, Racine, Wisc.
Sawyer Industries, Inc., Arcadia, Ca. 91006
Western Gear Corp., Lynwood, Ca.

Two types of clutches were considered in the survey; a standard clutch for

use with a hoist design incorporating selective speed control utilizing two or
three fixed gear ratios fo•- varying the lift rate and secondly a controllable

variable slip clutch for providing an infinite speed control through its sliF

range. The basic reqW•rements established during the preliminary design

were as follows.

Hoist Clutch and Brake Assembly (Fixed Speod System)

Tbe clutch assembly shall permit the engagement, drive, and disengapment

of a powered shaft to a load shaft. This cycle corresponds to the hoist lift

cycle wh~ire the load starts from rest, is accelerated to hoisting speed dur-

ing clutch engagement, then runs a• full lifting speed until the clutch is dis-

engaged and the ioad decelerates to rest and is helo b-- l brake. The clutch-

ing action during engagement and disengagement shall be smooth and without

jerk.

The brake shall be used to hold the load at any pow.-.on whenever the hoist

is not in its lifting mole. This braking action must le coordinited with the

clutching action to ensure Lutomatic brake actuatf -n whenever the clutch is
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disengaged or whenever the driven, shai• is stopped for any reason. in addi-

tion, the brake shall be capable of -ontinuously slipping the torque loads to

permit the controlled lowering and stopping of the hoist load.

The clutch-brake enveiope shape, size, and weight 1,.-nits have not been

established since these parameters are highly dependent upo.. the type of

clutch proposed. LMSC will determin- exact require-ments after reviewing

proposed candidate designs. As a goal, the _lutch and brake should be as

small and light as possible consistent with good aircraft design practices.

Driving shaft and driven shaft arrangement may be concentric or end to end

as dictated by design.

Detail design requirements are as follows:

9 Driving side speed, 12, 000 rpm

* Driven side speed, 0 - 12, 000 rpm
2

o Dri.ven side load inertia, 0. 003 lb in sec (ref. 12, 000 rpm speed).

Does not include inertia of clutch or brake parts.

SThe steady load torques (references to 12, 000 rpm) are:
l, ) 16 in. -lb minimum

(2) 52 in. -lb maximum

e The angular acce)irattion rate of the clutch driven side shall not

exceed 800 radiars per sec2

* The clutch shall be capable of c,,ntinuously providing a minimum of

one smooth engagerment-drive disenjgement cycles por minute

9 Ambient temperature range, -15°F to 125 0 F

* Actuation power soauce:

(1) 28 V d.c. elect,-cal, or

(Z) 60 p.3i lubrlcatirg oil preasare

* Life requieement (minmxxm)

(1) 12, 0N0 hr of operation wiciout ovr-haul

ýZ) f,' 00 clutch engagement-d-ive-dimengagement cpjcleA

(3) 1, 000 brake o!'ppirg cycles; maximum brake clip time, 25 sec.
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Speed requirement may be reduced if supplier- desigu cannot operate at

12, 000 rpm. Reduced speed designs must account for the difference in

torquts, mass moment of inertia, and acceleration rate which are referenced

to 12, 000 rpm in these requirements.

Hoist Clutch and Brake Aseby(aibl pe ytn

The requmiremnents iur this clutch and brake assembly are ident ecal to the

-bove requirement except the clutch action during the drive 'P ý- ion of the

lift cycle must provide controlled torque between driver and (t~v- sides

permitting controlled hoisting rates below the clutch 'fully- enga god" speed
of 12, 000 :,pm.

The desired variable speed range is 5 to I which requires slip speeds ranging

from 0 to 9, 600 rpm. Duration of slip time to be a maxi. amx of Z~5 seconds

during any lift cycle.

The brake requirements were included with the clutch since its requirements

lends itself to a. rrore compact design when designed to utilize ccommon part's

with vhe clutch where possible.

The survey results showed that no standard clutch or brake capablk of meet-3

ing the requairement. exists. However, two companies responded wit~h a --cept-

able special design proposals -%- meet these requirements. These cnmpaniea

are Philadelphia Gear Co., Synchrodrlve Div., and Western Gear Corpor-

ation.

Trhe arceptable proposals incorporated slip type clutches -which operate by

slip snear action of a hydroviscous fluid to transmit torque from the driving

surface to the driven surface within the clutch. This "slipping clutch"

principle is the same action that is used in the "Synchrodrlve"l transmissions

ni~r~ufactured by the Phlladelpaia Gear Corp. On the Synchrodrive units the

input shaft is usually at a fixed speed and the output apeed is regulated by
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conta-olling the %;lutch slip~ torque. The a lip torque is regulated by an electro-
hydraulic controller which compares the feed1hack aignal obtained from a

desired output speed. The difference between feedback and reference sga

in amplified and operates a aervo valve whirh, in turn, controls the torque

of the clutch through a h ydraulic pistoni and actmting nzecharisrn8.

The clutch )late always operates with a film of oil between driver and
driven surfaciep. The oil is introduced at t~e inner diameter of the 'Plates
where centr-Zv&qI f.,rce and-oil grooving oni the plates assures the proper
flow and dk~tvib-itiv1 n of oil for the lubrication and coolinq requirement as
well an mai&'-L:. Zt.Lg the oil f~Ilm for transmitting torque. Figui-as 7-6 and
7-7 show typical efficiency and speed modulation characterietics of the

slip clutch design.

The clutch torque characteristic as shown in- Fig. 7-7 shows. the ability of
* the clutch to maintaian a steady, alm~ost -flat torque speed curve from about

5 percent to 60 percent of the slip range at full load torque and up to 80 per-
cent at 20 pe-?cent of full lead torque. This capability to closely modulate
the slip #ipeed even at very low load torque is especially im~portant since
even light loads will have accurate speed control.

TAlhe clutch actuation pressure it p-ovided by a gerator type servo pres~ure
pump mounted to azkd driven by the same shaft which drivees the hoist trans-
mission system lubrication system. All components of the drive system

share the same~ oil supply.

HOIST CONTROIJI SYSTEM

The control syctem is an electrohydraulic servo system (Fig. 7-8), designed
to provide a variable controlled hoist lifting rate from a t~rawl speed (appr~oxi-

mately 50 fprm) to the maximtmn~ 500 fpmn. Thi6 is accomplished by a hydrau-
lically controlled "slipping i:l.chll~ wh~ere the input speed/output speed ratio
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is regulated through a speed range of approximately 10 to 1. In operation,

* the clutch pack transmits torque by hydroviscous shear of the oil film be-

tween the driving and driven surfaces of the clutch. The driving plates

are mounted on the shaft and the driven plates to the clutch housing. The

clutch torque is proportional to the axial clamping force applied onto the

clutch pack, thus permitting the relatively simple electrohydromulic method

of speed regulation. Increasing the clamp up force increases the clutch

torque proportionately decreasing the slip ratio between the input and output

speeds. Speed control is obtained by an electronic controller which corn-

pares the feedback signal obtained from a magnetic tachometer with a

reference signal proportional to the desired output The difference between

feedback and reference signal is amplified and operates the servo valve

which, in turn regulates the clutch torque by regulating the hydraulic pres-

sure. The electrical operation of the controller system coupled with the

stiffness of the hydraulic system provides response times in milliseconds

and speed regulation easily within +1, 0 percent of the maximum speed.

Speed regulation as low as 0.25 percent mnay be a%:hieved if necessary.

Lowering System Control

The lowering control is actuated by the same thumb control used for lift

but is otherwise completely independent of the lift control system. The lift

modulatirg clutch is completely disengaged during the lowering cycle, thus

removin g the flywheel from the hoist drive aystem. Thr- lowering mo.or

is actuated as the thumb switch ic moved in the "down" dire..tion and increases

in down speed proporticnal to the switch motion. The spring loaded switch

is designed to provide the operator with a speed versus thumb pressure

relationship. The spring also provides a "dead man" emergency system

stop action by automatically returning the switch to the neutral off position

whenever the operator's thumb is removed from the switch.
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FLYWHEEL ANCILLARY REVIEW

The success of the flywheel installation depends largely upon the powee

function of mechanical ancillary components such as the flywheel support

bearings, flywheel housing seals, and vacuum pump. LMSC has conducted

within the past several years a number of studies and test programs related

to these item:. The experience gained has heavily influenced the selection

and design of these components discussed in the following paragraphs.

Bearings

Findings from previous LMSC studies (4) and analysis of specific require-

ments of the rescue hoist flywheel resulted in the selection of simple conrad

type bearings with cage design and dimensional tolerances suited to high speed

running characteristics.

The basic bearing parameters are: I
"* Bearing Size

Bore diameter 20 mm

Outer diameter 42 mm

Width 12 mn.

"* Dynamic Drag Torque: 0.28 in. -lb. max. at 28, 000 rprnm

"* Load and Speed Schedule - per table in Appendix A2

"* L 1 0 lifc - 7, 000 hr minimum per schedule

The flywheel is supported in a straddle mount arrangement between a pair

of single-row, deep-groove, conrad type ball bearings. The bearing mount-

ing arrangement "fixes" the inner race of both bearings to the flywheel shaft.

The outer race of only ý. -earing is fixed while the other is spring loaded

A~rially to effect a face-to-face duplex mounting arrangement. This arrange-

meat locates the flywheel shaft while maintaining sufficient preload on the

bearings so that the bWlls are in contacc with the raceways at all ti-les,

thus eliminating the possibility of ball skidding. Previous LMSSC studies
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show that a lower cost special design with nominal ABEC 1 tolerancea except

for specified concentricity and roundness limits would v rk satisfactorily for

production design quantities. The roundness, face-to-race squareness, and

conforming raceway concentricity would provide the necessary high speed

running characteristics comparable to an ABEC 5 bear'ing. Hovwever, pro-

totvpe hoists will utilize bearings made to ABEC 7 tolerances, normally

stocked by manufacturers for the machine tool industry. The ball retainer

in either case is a lightweight, outer-race riding type suited to the high

speeds. Lubrication and cooling oil for these bearings are provided by two

oil jets per bearing impinging into the space between the ball retainer and

inner race. One oil jet per bearing is normally sufficient but two per be;r-

ing is used to provide redundancy as insurance against oil starvation in caae

of a clogged oil jet. The oil jet orifice is 0. 030 in. in diameter a: a result

of experience which establishes this as the smallest practical jet diarneter

normally able to pass foreign materials, e.g., lint, metal p.zticleZ5, and

products of wear commonly found in transmission oil systenms.

The violent oil misting action cri'ated when the oil jet impin~ts the rotating

bearing race and balls also supplies lubrication for the ratnry -ace reals.

Large drain passages are provided to enoure thorough draining and scaveng-

ing of the "used oil" from the apace surroundiag the bearings and iealp.

This will ensure against unwanted heat and absorption of power due to churn-

ing pockets of oil.

The bearing bore diameter selected ;s based principally on the minimumn dia-

meter shaft that can be use.d and still maintain the critical speed of the fly-

wheel above its rotational speed. Operation above .itvcal spe•d changes

the spin axis from the bearing axis to the center of gravity o; tne flywheel.

For example, a flywheel with an imbalance of 0. 001 -in, displacerneni. will

have its center of mace 0. 001 in. from the bearing axis. At mpeeds beýw

critical, the flywheel center of mass will orbit around the berib.g spln ax.is

causing a rotating centrifugal force on the bearings.
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The formula for cert-ifugal force is:

ZI
CF = mrw

Where:

CF = centrifugal force (Ib)

Mn mass (lb-sec /ft)

r = displacement of CG from spin axis (ft)

w =rotational speed (rad/sec)

Figure 7-9 ;ifctrates the imbalauce plotted against rotational speeds gen-

erally appiied to rotating components common to industry. An imbalance

of 0. O00Z-in. displicernent for the flywheel assembly is uted as the prac -

tical limit for simple ba•ancing equipment. The centriiugal force created.

-y thir imbalance is the ste&dy rotating force imposed upon the bearings.

AAUTOMcTIv-

F LYWHEEL

6 AUTOMOTIVE

4 MOTOR AftMUSE (3, 6WOOr MS/4

SPEWD (3PAA)

Fig. 7-9 Flywheel Imbalance Displacement Vs. Rotational Speed
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Vacuum Emp

t In order for the flywheel assembly to function efficiently, it must be housec

in a chamber permitting it to rotate in & very low gas pressure environment.

Windage losses with even small amounts of air surrounding the flywheel can

* be detrimental by incurring a heavy horsepower lcss to the system. The

"hoist flywheel is designed to operate in a vacuum level under 5. 0 mm of

mercury. This pressure level was determined primarily by the two power

nbsorbin, functions shown ",. Fig. 7-10. These are: (1) windage loss, and

(2) vacuum purap power requirement. The curves representing flywhv.el

windage loss and vacuum pump power requirement cross at about 4. 0 min

Hg indicating the sum total of these two losses to be the lowest at that point.

The vacuum level can be classed as follows:

* Low vacuum 760 to 25 mm Hg

* Medium vacuum 2Z to 10"3 mm Hg

* High to ultrahigh vacuum 10-3 mm Hg and up

Commonly used vacuum .aystems fall ito the low vacuum levels associated

with the needs of the processing or materiel-hMndling industries or into the

high to ultrahigh vacuum utilised in the laboratories to simulate space con-

ditions.

The vacuum level required for the flywheel chamber rangeo from 3U mrn

Hg deiiwn o uader 5 mm Hg, depending on flywheel and flywheel housing

design. Industrial pumps are usually of the vane or piston ty)p4 and the

vacuum pressure level is limited to about 28 to 29 in. of HI -ith ahaft

speeds seldom exceeding 3, 500 rpm. Figure 7-11 shows tht _ýsic types

of vacuum pumps that are cor-rnercially available. Pumpa are arranged

from left-to-right in ascending order with respect to vacuum leval capability.

The hoist flywheel requires a simpl.e, reliable, maintenance-free pump. Of

those depicted in Fig. 7-11, the rotary vane comes closest to these require-
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Fig. 7-10 Power Loss Vs. Flywheel Chamber Air Pressure

Curves showing flywheel Windage losses vs. flywh~el
housing air pressure. Also shown is a vacuum pump
power vs. air pressure curve and curves combining
winCage and pump powere Note miimum losses occvr

at under 5 mm 4g. air pressure.
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ments. However, its lowest vacuum levels only approach the upper limits

of air pressure thfat can be tolerated within the flywheel tv..using. The others

have the necessary vacuum capability but are too complex expensive, and

heavy for effective use on the transmission.

The final selection is the gerotor type mechanical pump shown in Fig. 7-12.

It is a lightweight, simple, mrechanicaUy-driven pumnp zmed successfully for

many years as a fluid pump for transmissions and hydraulic systems.

The operation of th pump is illustrated in Fig. 7-13. The pumping mechan-

ism consists of two inements, an inner rotor and outer rotor. Tht inner

element alwa-ys hat one less tooth than the outer.

The volume of the "missing toth" multiplied by the number of driver teeth

determines the volune of fluid pumped at each. evolution (cubic displacement

per revolution). The number of teeth mray vary, depending on stch design

considerations as volume to be pumped, speed, and avsilable pump enveloFe,

but the inner element always has one lesc tooth t.hin the outer.

As the toothed elements, mounted on fixed centers but eccentric to each

other, turn, the chamber between the teeth of the inner and outer elements

gradually increases in size through approximAtely 180 deg of each revolution

until it reaches its maximurn size - equivalent to the full volume of the 'miss-

ing tooth." During this initial half of the cycle, the gradually enlarging cham-

ber is exposed tc the suction port creating a partial vacuum into which the

liquid flows. During the subsequent 180 deg of the revolution, the chamber

gradually decreases in size as the teeth mesh and the fluid is forced out the

discharge port.

The p..mp configuration, consisting of an iternal gear and mating rotor,

provides inherent advantages suited to the higher speeds associated with the

flywheel transmission. Both elements revolve in Rhe same direction and

the relative speed between them is proportional to the tooth ratio; thus,

7-26
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high shaft speeds result in low relative pump -element speeds. Rotor speeds

of 7,000 tc 8, 000 rpm on medium-sized pumpo (2-in. diam..) are common,

and speeds approaching 60, 000 rpm have been run successfully on smaller

units.

The basic sizing formula for a vac~ium pump is:

_Cp - 3 V log + 0

where

C = pump load capacity (cfm)

6T pumpdown time (mrin)

V = free volume in flywheel housing (ft 3

PI= initial pressure (umn Hg, aob)

P 2 final or working vacuum pressure (mrm Hg. &be)

0o =outgassing load (Torr-cfm)

02= leakage load (Torr-cim)

The pump size using the iormula is 3.20 cfm. Detailed pump calculations

are given in Appendix A3.

The first term of the formula is governed primarily by the volume and •umnp,.

down time. It represents the pump size requiirtid if outgassing an,' eakage

are assumed to be zero. The second part represents the pump size require-

ment due to outgassing and leakage. The small outgasslng surface areas

involved and the type of materials used for the flywheel and housing contri-

bute to a negligible outgassing load, conservatively estimited as 0. 1 Torr-

cfm. The leakage rate OL is the most importnat factor in sisiing a pump

for a flywheel housing. A plot of pump size versus Isakago rate is shown

in Fig. 7-14.
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Since the primary use of a gerotor type pump is for positive pressure, there

was little information available for its use as a vacuum pump. Discussions

with engineering personnel representing the IVW. H. Nichols Company (Wal-

tham, Mass.) provided the necessary impetus for further investigation.

Tests were conducted on a two-element pump assembly at the Nichols Com-

pany and at the LMSC Ground Vehicle Test Facilities in Sunnyvale, Califor-

nia (ref. Appendix A3). The important parameters under test were as
follow s:

* Maximum vacuum level attained
* Pumpdown time
a Driving power requirements

The tests simulated the conditions that a vacuum pump would encounter in a

flywheel transmission. The conclusion drawn from the test results is that

the pump provides the performance requirements necessary to make it

acceptable for use as the vacuum pump in the flywheel transmission. Test

results are summarized in the following paragraphs.

The pump sustains low air-pressure levels consistently under 5. 0 mm. Hg,

and the pumpdown time to 10 mm Hg never exceeded 25 sec, even at the low-

est test run speed of 5,200 rpm. Figure 7-15 shows a typical pumpdown

time plot from the tear recorder.

It should be noted that the pump used was not designed specifically for the

application - it was designed for use as a scavenger pump in a gas turbine.

The only adaptation made for vacuum pump operation was to provide approxi-

mately a 10-in. head of oil in a standpipe on the discharge port. This en-

sured continuous lubrication for the rotors and provided "oil sealing" be-

tween parts. In normal use of the gerotor-type pump (in a pressure or

scavenging application), there is no need for these special feitures because

the fluid flow through the pump is sufficient to lubricate and to disperse

heat. However, as a vacuum pump, it does not have the oil flow necessary

for lubrication and cooling. A second set of pump elements, adjacent to the
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vacuum elements and driven by the same shaft, provide the necessary cool-

:-. ing for the vacuum pump elements and also provides scavenging for the fly-

wheel support bearings and seals.

Rotary Shaft Seals

The rotary seal around the flywheel support shaft must minimize oil and air

leakage into the flywheel vacuum chamber to maximize flywheel efficiency

and to permit the use of a reasonably small vacuum pump. The leakage

rate is the primary factor in determining the pump size.

The importance of low leakage is illustrated in Fig. 7-14 which shows that

only a 0. 14 cfm pump is required for pumping down the small flywheel hous-

ing volume and the added capacity requirement is proportional to air leakage.

In other words, the smaller the leak, the smaller the pump.

Labyrinth type seals were eliminated from consideration because of its high

leakage rates and only rubbing seals studied.

In the rubbing seal category, a second major breakdown divides the contact

type seals into two types. The first is the lip seal with its sealing action

provided by an interference fit between a smooth rotating shaft surface and

a flexible sealing element. The sealing element is usually made of leat'ier

or synthetic elastomers and the interference fit is usually augmented by

spring pressure provided by a garter type or finger type spring. The second

contact type seal is the "face seal" which creates dynamic sealing in a plane

vertical to the shaft axis. This type of seal has two parts - the seal cart-

ridge, consisting of the housing, end face (nose) element, and spring assem-

bly; and the rubbing ring, which is the mating element that provides a smooth

flat sealing surface. For high speeds, the end face is normally made of

carbon and treated to reduce friction, and the mating ring is made of close-

grained cast iron or steel. Table 7-I is a brief summary of characteristics

of the two groups of contact seals.
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Table 7-1

SEAL CHARACTERISTICS

Parameter Lip Seals F are Seals

Nominal Speed Rating 0 to 3, 000 fprn 0 tc, 50, 000 fpm

Life Good Good to excellent

Dynamic Friction Good to poor Good to excellent

Cost Low --ligh

Ease of Replacement Good Normal

Misalignment Excellent for axial Excellent for radial
Tolerances runout; good for runout; good for axial

radial runout runout

Fluid Leakage 12 to 48 drops/day 2 to 3 drops/day

Cas Leakage - 0. 1 Torr cin

In addition to the high speed and low leakage requirement, low drag loss is

necessary for maximum system efficienc,-.

Preliminary figures for power loss were obtained using the coefficient of

friction of carbon bearfng•- and applying it to the following formula:

hp v.. r . Nhp ý -s 0--5

where:

P = axial force (Ib)

4C = coefficient of friction
r = mean radiux of seal nose (in.)

N = shaft speed (rpm)

Values thus obtained were used for all the preliminary flywheel seal lossea.
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Additionally, high speed tests were conducted on a Cartriseal face seal.

Figure 7-16 shows the drag versus speed relationship of the seal with vari-

ous nose loads. Seal losses were about double that originally estimated for

the test seal but is expected to be reduced down to about the original values

by using a dense hard chrome finish on the rubbing ring.

Calculated loss at rated flywheel speed is 0. 055 hp per seal.

INSTALLATION CONSIDERATIONS

There are four optional locations in the helicopter for the installation of the

hoist and ?%om assembly. Consultation with military users has indicated the

ability to use all locations is not necessary, and the optimum location for the

boom assembly is the right forward position. The selection of this location

permitted certain design advantages which were used in one of the configur-

ations.

There are certain probllems with the present hoist installation which became

evident during operation of the hoist in the helicopter cabin mockup (Fig. 7-17).

One of the problems is that with the hoist boom arm fully extended the hoist

cable passes within 12 in. of the helicopter landing skid; as a rescuee is

raised, there is inadequate clearance as the skid is passed (Fig. 7-18).

Another problem is that with the jungle penetrator installed, the bottorr of

the penetrator will not clear the floor with the hook in the up position, so

that the boorn assembly cannot be rotated inside the helicopter with a load on

the penetrator. A third problem is that the hoist portion of the hoist assem-

bly infringfe on the needed rescue space which makes it difficult for the

hoist oper:itor (Fig. 7-19). There are two installation configurations being

considered.

The first configuration (Fig. 7-20) consists of mounting the hoist package

near the bottom of a vertical pole in Vie same manner as the present con-

figuration, with the hoisting rope coming off the drum, going through a sheave
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mounted near the base of a horizontal boom member, then going through a

traction sheave mounted in the end of the hori'onWa boom and on down to

the load.

The second configuration consists of mounting the hoist package, either on

the ceiling or a vertical pole, placed diametrically opposite the existing

hoist installation, taking the hoisting rope across under the ceiling and run-

ning along side a vertical pole through a met of roller guidev and out of a

traction sheave at the end of the horizontal boom member. See Fig. 7-21.

The second configuration has several advantages over the present installa-

tion in that by moving the hoist portion to the other side, the lateral moment

loading produced by the installation will be minimized. This will allow the

use of a longer boom arm without changing the existing moment loading;

this also will provide additional clearance (approximately 5 in.) between

the hoisted load and the helicopter skid.

Another advantage of this approach is due to the removnl of the hoist forom

the bottom of the vertical pole, thus providing additional clearance in the

working area for the operator. This arrangement also lends itself to easy

replacement of the hoisting rope during a rescue mission. In the event of

a rope hang-up the rope could be cut with the guillotine or a backup cutting

device and a replacement rope drum and rope carried on the helicopter

could be installed on the hoist, restrung on the boom assembly, and the

rescue operation continued without returning to base.
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II Seztion a

FUTURE PROGRAM PLANS

The following plans are recommended for subsequent program phases, which

will provide for the design, fabrication, and tezting of a prototype hoist

based on the concept selected in the present phase as the most promising.

The two subsequent phases described below are in turn intended to b.. fol-

lowed by a military potential evaluation. Figure 8-1 depicta the testing

aspects of the entire program In terms of verificatiozi. The present phase

has selected the most promising concept. Phase U1 in turn verifies that this

concept performs under simulated, specific conditions. Phase 311 verifies

that critical components will be satisfactory and that the completed ao-em-

bly does indeed perform as intendod. This is, in turn, follow.e-_ by a veri-

fication that the hoist also performs adequ&taiy under aczual flight condi-

tions and that this performance is suitable to actual operational conditions.

A schedule for Phases II and III is presented in Fig. 8-2.

PROGRAM PLANNING, DIRECTION, AND COORDINATION

Planning, direction, and coordination will be provided for all aspects C"

Phase 1I and Phase I1. These tasks include such functions as interface

with the Contracting Officer's Representative, schedule and cost control,

coordination of task groups, and coordination of GovernmentIContractor

conferences.

PHASE II- FINALIZE HOIST DESIGN CONFIGURATION

In Phase II the necessary verification tests and design analyses will be con-

ducted by the contractor to establish the suitability of the design prior to
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the start of the final detailed design in Phase mI. Phase II will begin with

the contract award and exterA for a period of four months.

Finalize Requirements

The configuration previously selected as the most feasible for a high per-

formance hoist will be reviewed (in conjunction with the Contracting Officer's

Representative) and the following hoist characteristics will be established as

design goals:

* Maximum weight

* Volumetric and dimensional limitations

" Operational duty cycles (with loads and rates)

" Mounting and installing constraints

"* Control requirements

"* Usable cable length

"* Required accessories

Hoist requirements will be finalized, including design factors, and a deter-

rnination of materials and processes.

Hazard Appraisal

A preliminary appraisal of potential hazards will be made to establish safety

assurance test plans. Included will be the areas of:

"* Suitability of hoisting rope and handling technique for human use

"" Special problems peculiar to flywheels

"* Reliability of safety critical components (motors, drives, vacuum

pump, etc.)

"p Clutch and brake hear dissipation

" Functional suitability of safety devices such as fail safe brake

application and control fail-safe modes

"* Structural integrity of installation in aircraft

"* Effects on stability and control of the aircraft

8-4
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Simulation Test Plans

Plans for design and fabrication of special equipment will be executed for test

program simulating the function of the selected hoist concept.

Simulation Test

A test will be conducted, simulating the geometry, speeds, and loads of the

selected preliminary design, to verify the auitability of the chosen hoisting

"v'aterial and method over the prescribed hoist line replacement life. Relia-

bility will be evaluated through a complete spectrum of hoisting conditions

including: with full load and unloaded; at full and low speed; under empty,

partly reeled and fully reeled conditions; and, with changes of pace at full

acceleration rates. Sufficient cycles will be executed to establish abrasion

resistance, durability, and ack of degradation with use.

Evaluation will be made of the selected rope pulling technique, means of

level winding on storage reel, and the suitability of the rope for high speed

reeling. Bending charac.teristics of the hoisting rmaterial will be verified.

The use of the descent drive arrangement at high speed will be included.

Prototype Layout

I Layouts will be made of the selected hoist design. Vendor designs ";ill oe

reviewed for component selection. Specifications will be prepared for ea-ly

procurement of long-lead items. Layouts of control systom and installation

in aircraft will be included.

Phase Mtl Program Plans

Information necessary to establish program plans for Phase III (which will

lead to the military potential evaluation tests, demonstrations, and perform-

ance vet.ification of the hoist) will ba furnished by the contractor. Firm
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program plans will be developed for the final detailed design, fabrication,

checkout, and testing (including safety assurance) of a full-size prototype

helicopter hoist system suitable for military tests.

PHASE I -- DESIGN, FABRICATE, AND CHECKOUT MILITARY
POTENTIAL TEST PROTOTYPE

Phase III will encompass the final design of the prototype hoist, fabrication

of one prototype hoist (with spares), and testing of the prototype hoist. This

phase will begin with the Contracting Officer's Representative approval and

end seven months later.

Test Plans

Plans will be developed for the testing of flywheels and other components.

Such tests will include both supplier tf.ats ante LMSC tests. Any special

equipment which may be required will be designed and fabricated. Addi-

tional planning will include functional checkout, of the prototype assembly and

flight safety assurance.

Component Testing

Tests and inspections will be conductod to verify the safety and performance

characteristics of each flywheel. In addition to quality assurance inspection

and non-destructive testing to verify conformity to drawings and specifica-

tions, an overspeed spin test at 150 percent of design speed will be performed.

Vacuum chamber tests will be conducted to establish windage losses.

The reliability and functional suitability of other critical components will be
verified by testing by either LMSC or the supplier. These items include the
two electric motors, bearings, seals, vacuu-, pump, brake, and clutch.
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Prototype Detail Design

Weight and structural analysis and detail drawings of the hoist prototype

layout will be made.

Fabrication

One prototype helicopter hoist, together with spares, will be fabricated and

assembled. The quantity and types of spares shall be approved by the Con-

tracting Officer's Representative.

Hoist Assembly Tests

Checkout of completed hoist assembly ane, its components, under no load,

load, and overload conditions, will be foilowed by ftuctioral tests sitnulat-

ing a full spectrum of operations. Both manual and automatic modes will

be included, and failure modes simulated to checkout safety devices. Suf-

ficient hoight will be provided to allow both acceleration to, and decelera-

tion from, full speed. Particular emphasis will be given to brake and clutch

performance after repeated cycles.

Flight Safety Assurance Testi

Structural integrity of the attachment of the hoist assembly in an Army fur-

nished aircraft will be evaluated. Sufficient tests will be performed to

assure that operation of the hoist will not cause the stability and control

limitations of the aircraft to be exceeded. Moments generated by gyroscopic

precession, lateral unbalance, and dynamic loads will be included.

A functional checkout of the boom extension-retraction system will be made.
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Documentation

Bkief narrative-type progress/status reports will be presented each month.

A final report at the end of Phase III will present test results and conclu-

sions and recommend further activities for military potential evaluation.

Preliminary operating and maintenance instructions will be included. The

contractor will also prepare and deliver a final briefing to the Government

covering the results, conclusions, and recommendations derived from the

contract work.
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Section 9

CONCLUSIONS AND RECOMMENDATIONS

The overall conclusion of the flywheel-powered High Performance Rescue

Hoist Feasibility Study in that flywheel energy ýtorage will provide the power

requirements easily permitting a five-fold improvement in lifting speed over
the present U. S. Army inventory hoist. Although the specific energy of

candidate flywheels studied are not sufficient to make a flywheel-only hoist

practical, a flywheel/motor combination will permit the design rf a High

Performance Helicopter Rescue Hoist without imposing additi.lid)i ph•Wt,

drain upon the helicopter than the existing hoist eyqt-r,,

Specific conclusions and recommendations are as follows:

(1) A flywheel/electric motor combination provides the most efficient,

lightweight method of providing lax,,e amounts of power necessary

in performing high speed rescue hoist operations. A 73. 5 w-hr

capacity flywheel operated through a 2: 1 speed range and contin-

ually charged by a 2. 0 hp d. c. motor provides enough energy to

handle the hoisting requirements encountered in the field at speeds

in excess of five times that of the present hoist system.

(2) A typical hoist rescue mission scenario (for design) consists of

lifting six 200-lb loads followed by a 600-lb load, all in rapid suc-

cession to a height of 210 ft (total weight 1, 300 ib) at lifting speeds

of 500 ftimin.

(3) The 500 ft per min. lift rate is compatible with the advancement in
the "state-of-the-art" sought at this time. Additional increase in

speed should be considered in the next generation high speed res-

cue hoist along with improvements in the man-machine -escue

system.
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(4) Commutation speed limits of d. c. motors preclude direct motor

drive of the flywheel at its optmrnal nelad. A simple spur gear

speed increaser for increased shaft speed is the most direct light-

weight design for connecting motor to flywheel.

(5) The slip clutch power transmission system offers the simplest,

lightweight means of connecting flywheel power to the hoisting

mechanie.-n. Hydraulic actuation with electronic controls especi-

ally suited to the slip clutch is within the state-of-the-art and

readily adaptable to the hoist control requirements.

(6) The optimum flywheel geometry is a modified exponeneial or

conical disc.

(7) The optimum flywheel material is common high-strength steel

such as AISI 4340.
(8) Thie design of steel disc flywheels is simple and straight-forward,

and performance is highly predictable. Manufacturing, inspection,

and test techniques are well established for similar hardware such

as turbine rotors.

(9) Gyrodvnamic effer'ts of the flywheel on the control of the helicopter

is negligible.

(10) Design of flywheel with adequate safety margins will preclude fly-

wheel destruction from rotative forces.

(II) Plastic b.-aided rope has many properties making it the prime

candidate for use on the high speed rescue hoist.

(12) Additional studies and tests are recommended to verify and aug-

ment the findings on rope characteristics and rope handling tech-

niqu.is of this program.

Program plans for the development and test of a High Performance Heli-

copter Rescue Hoist are given in Section 8, Future Program Plana.

i 9-2



LMSC-D267477

I

Section 10

REFERENCES

1. J. A. Hoess, E. S. Cheaney, F. A. Creswick, D. A. Trayser,

R. D. Fisher, A. B. Timberlake, S. J. Bashman, J. T. Herridge,

and J. P. Wilcox, "Study of Unconventional Thermal, Mechanical,

and Nuclear Low-Pollution-Potential Power Sources for Urban Vehi-

cles, " Summary Report to U. S. Department of Health, Education..
and Welfare, National Center for Air Pollution Control, under Contract

No. PH 86-67-109, March 15, 1968.

2. J. H. B. George, L. J. Stratton, and R. G. Acton, "Prospects for

Electric Vehicles, A Study of Low- Pollution- Potential Vehicles -

Electric," Final Report to U. S. Department of Health, Education,

and Welfare, National Center for Air Pollution Control, under Contract

No. PH 86-67-108, May 15, 1968.

3. R. R. Gilbert, J. R. Harvey, G. E. Heuer, and L. J. Lawson, "Fly-

wheel Feasibility Study and Demonstration," Final Report to Environ-

mental Protection Agency/Air Pollution Control Office, under Co'.tract

EHS-70-104, April 30, 1971.

4. R. R. Gilbert, G. E. Heuer, E. H. Jacobsen, E, B. Kuhns, L. J.

Lawson, and W. T. Wada, "Flywheel Drive Systems Study, " Final

Report t0 Environmental Protection Agency/Office of Air Programs,

under Contract No. 68-04-0048. February 29, 1972.

5. ASA Standard B3. 11-1959, Load Ratings for Ball and Roller Bearings,

United States of America Standards Institute, 10 East 40th Street, New

York, N. Y.

6. Marks Standard Handbook for Mechanical Engineers, Seventh Edition,

McGraw-Hill Book Company.

10-I _1



LMSC-D467477

7. TM SS-1520-210-l0, Operator's Manual, Army Model UK-ID/H

Helicopter@.

8. Technical R.port TD-I-68, "Storage Capkcity of Boxes aid Reels,"

Samson Cordage Work*, Shirley, Mass., Nov. I8, 1968.

9. Experimental remonstration of Energy Substitution for Aircraft Actu-i: ation Functions, Los Angeles Division, North Ameaican Rockwell Coro.,
Final Technical Report AFAPL-TR-67-143.

10. SKF Engineering Date, Form 587, 15M, 4-66, SKF Industries, Inc.,

Philadelphia, Pa.

11. J. W. Gebhbrd, Acceleration and Comfort in 'Public Ground Trans-

portation, The Johns Hopkins University,, Applied Phyxics Laboratory.

12. Philadelphia Gear Synchrodrive, Bulletin SD-i Synchrotorque, Div. of

Phiitdelphia Gear Corporation, King of Pruisia, Pa. 19406.

13. AGMA Standard 220. 02, Rating the Strength of Spur Gear Teeth,

American Gear Manufacturers Association, Washington, D. C.

14. AGMA Standard 210. 02, Surface Durability of Spur Geata, American

Gear Manufacturers Asaociation, Washington, D, C.

10-2



-'A ILMSC -DZ674?77

APPENDICES



LMSC-D267477

Appendix Al

FLYWHEEL WINDAGE LOSSES

For loss, in terrn of steady-stage windage:

S~hp=0. 006 (1 +•-- ( 08 ,. o) (,o

where:

t Flywheel tip thickness 0. 343 in.

R Flywheel outer radius 6. 0 in.

P Flywheel housing press. = 0. 097 psia

T Flywheel housing air temperature = 520 R

N Flywheel rotational speed = (N) rpm

Air viscosity = 0. 0431 lb/hr-ft

2.3x0.343 0. )0.08 N 2.8 46 0.2"hp =• 0. v (I-• +6.0 o (0.04o 31)°

hp = 19.25 (N)2 8 x -

10

Losies for various speeds are tabulated below:

N RPM 4) 2.8 HP Loss

32,000 26 0.500

28,000 17.8 0.342

24,000 11.6 0.223

20,000 6.95 0134

16,000 3.73 0.072
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Eval'.atttn the effects of varying pressures at 28, 000 rpm:

hp = CP 0.8= 0.342

C -0. 542 0.342

Losses for pressure levels 0 - 30 mm Hg are tabulated below:

Pressure

P PSIA P 0  HP
0 0 0 0
5 0.097 0.154 0.342

10 0.193 0.268 0.594
Is 0.290 0.371 0.823
20 0.386 0.467 1.035
30 0.580 0.647 1.435

Al -2
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Appendix AZ

FLYWHEEL BEARING CALCULATIONS

Principal bearing loads consist of centrifugal force and precession loads.

For centrifugal force loads (CF):

Data

r = displacement of CG, 16.7 x 10 6 ft (0. 0002 in.)

aF!ywheel weight, W = 13.50 lb

Speed, N = 28, 000 rpm, N2 = 7. 84 x 108

Calculations

CF = 3.41x 10 4 Wr N2

S= (3.41 z lo") (13.5) (16.7 x 10-6) (N2 )

= 7.68x 10- 8 N2

= (7.68x 10-8) (7,84-x 108)

= 60.2 lb

For precessional torque load, Tp:

Tp Iown

Data

1 = 0. 045 ft-lb Sec

w = Flywheel operating speed, rad/sec = 2,930 rad/sec

L = Preces,,ional rotative speed, rad/sec = 0. 0 rad/sec

Calculations

Tp = 0.045x2. 930x 1.0 = 132 ft-lb

.A2-1
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Tp for various precession rates are tabulated below:

Rad/Sec
1.5 1.0 0.8 0.6 0.4 0.2N W ...

RPM Rad/Sec Prec.ession Torque, ft-lb

16,000 1,675 113 75 60 45 30 15

20,000 Z,090 140 94 75 56 38 19

24,000 2,510 170 113 90 68 45 23,28,000 2,930 198 13Z 105 80 53 27

32,000 3,350 226 150 120 90 60 30

Flywheel Assembly Bearing Life Analysis

The LI 0 rating for the bearing is calculated as follows:

S50, 000 (CB)
3

1L0 = N, -W-•

where

N = rpm

CB = basic radial load rating at 33-1/3 rpm

RE = equivalent radial load

LIO = life (hr)

The equivalent L,,0 ILfe of a bearing subject to varying speeds for varying

times can be determined by the formula:

L PN

1 2 N

*L life is defined as the number of hours (at some given constant speed
aIload) that 90 percent of a group of bearings will complete or exceed
before the first evidence of fatigue develops. Average life is approximately
five times the LI 0 life as presently determined (10).

AZ-Z
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where

L = equivalent hours of L 1 0 life

P1 a portions of time expressed as a decimal fraction of time that
load and speed are in effect

LI = calculated life of each bearing at ea-ch lod and speed

Combining the steady centrifugally induced loads with the precession forces

and calculatin; the Lio life for each condition results in the lives are

as shown below:

Normal Gyro Total Theoretical

- Percent Loading Induced Loads Ltie-LCond. of Time Radial Loads Radial (Hr)

1 0. 0001 36. 8 594 630.8 24

2 0.0005 36.8 396 432.9 74

3 0.005 36.8 316 352.9 132

4 0.025 36.8 238 274.9 292

5 0.033 36.8 159 195.9 810

6 0.055 36.8 79.5 116.4 3,690

7 0.88 36.8 - 36.85 120,000

Combined L 1 0 bearing life for duty cycle 7.000 hr

Bearing Drag Lose Calculation

Bearing Data
BrX 9104 (20 x 42 x 14)
Contact angle = 12 deg

Rotational spend = 28, 000 rpm

Friction .083f P d + 1 183 x 106f (vN)2/3 dm3 (Ref. 10, pg 46)
Torque m * o In

Friction = (0. 083)(0. 000018)(36. 8)(1. 22) + 1. 183 x 10 "6(1.5)(3,700)(1.8)
Torque

. OI.Z in. lb(0. 012)(28,00,0ooo)
hp loss ,09 = 0.00534 hp/brg

AZ- 3
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Appendix A3

FLYWHEEL CHAMBER VACUUM PUMP REQU!REMENTS

SiXe Calculations:

Data

Chamber vol., V =0. 014 It3
Ambie-nt pressure, P -- 760 rnm Ho
Cham ber Pressure, 12 : 5 n n H

Pump down time, AT = 0. s in.
Outgassing load, Qo Assume 0. I Torr cf( Fi4' A3-1)
Leakage load, OL = 15.2 Torr-cfm
Conductance = 1,000 (see Fig. A3-Z)

CaLc-ulatio-ns
Pump capacity:

cfm-(load) 3 v lo3 + 0 L

S.34(0.o014) 1.8 17 60 , 0. + 5

0.14 + 3.06 = 3 . ZOc2 m

Since conductance is negligible, pump capacity z pump load = 3.20 cfm

Pump power requirements (from Fig. A3"3):
Power consumption = 0. 17 w-hr/ft3  4

A3-1
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• • TOWN s UCEIvLO)

COPPER
ALUMINUM(MACH'D)

2i2O )0 -- PLEXIG.AS

SILVER~ "C-_ fta---SCASs BRASS

POLY1IHYLENE •THAED)

2:1|2 A..NODIZED' :NICKEL PLATED AWINM

STEEL (POLISHED) 3 o Ak.4NUz z
COPPER (24-HR 4~~A~

"AT 95%•HLu•')

!2. ATY H"DITY

0

NOTE:
THE FOUR ENCIRCLED DATA
POINTS ARE 104 CORRESPONDING
MATEAIALS TESTED ON CONTRACT
DA-49-1,6.xz-4,2 FOR OPERATION
, MIDI MIST, AND REPORTED ON PAGE

A.-27 OF ",MASE I TECHNICAL kPORT*, %•iS0
VACUUM PIPING SYSTEM STUDY,"
LMSC-66860O, DATED 4 FE11 1%6,
"OTHER PLOTTED POINTZ MlE HANDbOOK 01'%
DATA, OfOM THE U TERATUEE.

* IM TIE

Fig. A3-1 Outgassing Rate Comparison

A3-Z
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Since:

3. Z0cpmx 60 192 cfh

ft 3  0. 17w-hr 3192•- FF 3 ,..w

For hp:

32.6w x 1.341 hP x 10-3 0.044hhp

w

Pump efficiency is approximately 20 percent due to low working pressure.
O. 044

Power load is = 0. 22 hp

Power requirements for chamber pressure ranging to 30 mm Hg are tabu.

lated below:

P2  1 15.3S-• Lg-L 0. 063 Lg-• •

mm~g2 2 2 2 M lP!, . m H •CFM HP

152.0 2.18 0.138 3.06 3.20 0.22

10 76.0 1.88 0.119 1.53 1.65 0.112 1
1 50.6 1.71 0.108 1.02 1.13 0.077

20 33.0 1.58 0.100 0.76 0.86 0.059

30 25.3 1.40 0.089 0.51 0.60 0.041

VACUUM PUMP VERIFICATION TESTS

Test Objective A

The test objective was to determine the suitability of a gerotor-type oil pump

for use as a vacuum pump on high-speed flywheel applications. The test

setup for this test is shown by Fig. A3-4 (pump test setup).

A3-5
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Test Procedure

The pump was tested in three different configurations to determine its best

arrangement for use &s a vacuum pump. The configurations are as follows:

* Test I consisted of using one element as a vacaum pump and the

second element as a scavenge pump.

* Test 2 consisted of using both elements as a vacuum pump and lub-

ricating the pump with an oil reservoir which was attached to the

discharg3 port.

* Test 3 consisted of using one element as a vacuum pump and remov-

ing the other element. Lubrication was accomplished in the same way

as in Test 2.

Test Results

Test results are shown in Tables A3-1, A3-2, and A3-3, and the pump flow

curve is shown in Fig. A3-5.

Conclusions

Test results show the pump to be suited to the flywheel system for the fol-

lowing reasons:

* Pump downtime to a useful vacuum level never exceeded 25 sec.

A typical pump downtime curve is plotted in Fig. A3-5.

* The pump is capable of pumping down and holding air pressure

levels below 5 mm Hg.

* Configuration I provides the highest vacuum producing capability.

* Temperature stabilized at acceptable levels for all configurations.

A3-7
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Table A3-I

VACUUM PUMP TEST I

Date 1/20/o72 Recorder M. Helvey

Wittieas R. Ruth

Type of Pump Gerotor ScaveRnE Pump

Pump Identification GC 1,36 M

Pump Configuration 1 Element Oil Pump

1 Element Vacuum Pump

Vacuum Chamber Volume 108 in. 3

Ambient Pressure 29.92 psi

Ambient Temperature 68"F

_______Pump Seed (rpm) _S Item - 5,200 6,000 7,000 8,000

i Pumipdown
"Time 35 40 40 30
(sec)

Minimum
PVressure 1.9 2.8 2.9 5.1

(mm Hg)

Pump
]Wusing 100 4175 175 215
Temperature
(OF)

Torque Off Waale;
(in. -oz) Te tOt Records only up to 100. 00 in. -oz

A3-8
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Table A3-2

VACUUM PUMP TEST 2

__Date _/20_72 1Recorder M. Helvey

Witness R. Ruth

Type of Pump Gerotor Scavenge Pump

Pump Identification P/N GC 436 M

* Pump Configuration Both Elements Vacuum Pump

3
Vacuum Chamber Volume 108 in.

Ambient Pressara 29.92 pai

Ambient Temperature 680F

Pump Speed (rpm)

Item 5,200 6.000 7.000 1 8.000

SPwipdown 20
Time 37 32 20 17.5
(see)

Minimum
Pressure 17.9 21.0 95.0 J.00. 0
AWtianed
(a11m 11g)

Pump 210
Hlousing 148 180 210 210

Temperaturo CIF)
Torque 79.02 66.70 57.40

(in. -o:) 93.0

lk•rsopower (0.491 (0.47) 0. 44 0.45

A3-9
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Table A3-3

VACUUM PUMP TEST 3

Date 1/20/72 Recorder V., Heivy

Wit.s R. Ru.th

Type of Pump Geroto? Scavn2 e gm.
Pump Identification Pa! GC 436 M

Pump Confgturation I Element Vacuum Pump

1 Element Removed

Vacuum Chamber Volume 108 In. 3

Ambiont Pressure 29.92 psl

Ambient Temperature . 68°F

Pump Speed (rpm)
5,200 6.o000 71000 8.000

1Ui1uipdowa
'Tme 31 26 20 30

Miaim•nm
Preasur• s. 34 39 30
Attained
(rim Hg)

Pump

lozusng 140 156 160 210
"£remporahwe
(OF)

'Torque 46.0 41. 7 40. 5 31.7?
(-.-oz)

H Xorsepower (0.237I) (0.248) 0. 281 (0. 252)

A3-10
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Appendix A4

GEAR ANALYSIS - FIRST REDUCTION STAGE

Gear Data

Ratio = 2:1

P d = 19 F = 0.38

N = 19 N = 38

d = 1.00 D = 2.0dpg

n = 28,000 rpm ng = 14,000rpm
3 = 0.32 for+ = 20°

The allowable power formula for a gearset based on tooth strength is:

n dFJS KvK1
Pat = d KKKKtK (Ref. 13)n d 0 m Sa K K r

where

Pat = power, hp

n = pinion speed, rpm K1 = life factor= 1. 0Sdp
d = pinion oper. pitch K = overload factor 1. 0

diam., in. Km = load dist. factor = l.Z5

F = face width Km = tooth size factor = 1.0

3 = tooth geometry factor = 0.32 IN = temp. factor = 1. 0

Sat = allowable stress = 33,000 psi K = safety factor = 1. 5
Pd = diametral pitch

K v = velocity factor 1 1. 0

Then

28, OOOx l. Ox 0.38x3x 33,000 L.OX 1.0
at 1Z6, O0Ox 19 ' lUx 1.Zx L.UOX .x 1.5 h

A4-1
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The allowable power formula for a gearset based on surface durability is:
n F ICv Sa d CC 2h

- p vac IlhPP
ac 1-9 UG sCm- (Ref . 14)

where

Pac = power, hp C0 = overload factor = 1.0

np = pinion speed, rpm C1  = life factor = 1.0

F = face width, in. Ch = hardness factor = 1. 0

I = tooth geometry factor = 0. 104 Cp = material factor = 2,300

Cv = velocity factor = 1.0 Ct = temp. factor = 1.0

C8 = tooth size factor = . 0 Cr = reliability factor = 1.-25

Cm = mounting factor = 1.3 S ac= allowable contact stress

Cf = surface condition factor = 1.0 = 110,000 psi

d = pinion pitch 'am. = 1.00

Then

P a= 28,000(0.38) 0.104x I 1 , O oo.xx 1.002
Pac 130 1 lx 1. 3 x I x I L Z" 300.-0x I-.Z•

= IS. 2 hp Marginal Design

Redesign using hardened, ground gears with Sac equal to 180, JOO psi (Rc 55

min) (ref. 14), Pac then becomes:

180, 000 )2
p =15.2 ( 100 40.4 hp'ac 10, 0

Smaller gearsets are possible to carry the required nominal maximum power

requirement of 20 hp. However, sizes of other components such as motors,

clutches, flywheel, brake. etc. determine minimum center distances, thereby

governing pitch diameters. Select face widths to suit the power requirements

without going to impractically thin gears.

A4-2
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Appendix AS

FLYWHEEL CRITICAL SPEED ANALYSIS

Brg. locations Fliheel Data

Wt = 13. 50
SLMaterial Steel:
1. 0diam. E = 30x 106

F I = 0.0491

1.50 M = 13.50 = 0.35

c•= critical speed, rad/sec

"k 3EI 3 x 30 x 10 x 0. 0491
= (l.5)•

1.3 x 10' b/in. (one side)

Assuming support bearing and housing stiffness to be I x 106 lb/in., stiffness

at each bearing is:

k_ 0.51 x 1 lb/in."'1+ '• 1.3o 90 o16 + I x 1o0

KT = Zxk = l. OZ (for both bearings)

The critical speed formula is:

where

W = critical speed, rad/sec

kT = spring rate of supporting structure, lb

lb sac2
M = mass of flywheel- 1b ---

A5-1
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Then -. 0l x 106

A- = 5, 380 rad/sec

or

51,400 rev/min.

I

I

AS-
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Appendix B

EVALUA?,TION TESTS
CANDIDATE HOIST CABLE PROPERTIF.•

TEST PROGRAM DESCRIPTION

An extensive study and test program was conducted to evaluate candidate

lifting materials other than the conventional wire rove. Materials and con-

figurations considered provided certain advantages to the High Performance Hoist

design concept which made an investigation into their properties necessary.

Properties investigated were:

o Elongaticn

o Permanent deformation

o Breaking strength

o Damping character.stics

o Self-level winding capabilities

o Abrasion resistance

Two plastic rope types and one swaged wire cable were compared with the

conventional 19 x 7 CRES non-rotating wire cable (MIX-W-83140). One of

the plastic rope types called Samson Z in I stable brair." has a polypropylene

itmer braid and a polyester outer braid; the other plastic rope type considered

was webbing of a polyester material, the wire cable considered was an Amer-

ican Chain & Cable Co. manufactured 19 x 7 swaged CRES c-ble of 0. k08 diam.

Elongation values were obtained by measuring the change in gage length of
each specimen as a tensile load was applied. The property of a parmanent
deformation was noted by the amount of set the rope had after load was

released.

B-I
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In the same test manner the rpes were loaded until failure occurred; this

value is the breaking strength of the material. (See Fig. B-1. ) Two candi-

dates, the plastic braid and tX.. wire rope, failed at the manufacturer's

stated value; however, the polyester webbing sustained an overload of 25

percent without failing. This overload was at the test machine's load limit

so it was not possible to break the specimen with the available equipment.

Damping characteristics were investigated in a quantitative manner, here

again, compared to the conventional wire rope. For this series of tests

approximately 75 ft of rope was attached to a hoist and used to lift a weight

of 217 lb. This weight was then torsionally rotated a preset number of turns

and released. Time and oscillations were observed as the load came to zero

test position. This gave information of the rope's torsional stiffnes3. To

evaluate the longitudinal (axial) stiffness a weight was manually lifted and

released; the time to come to rest was a measure of stiffness in the longi-

tudinal direction. These stiffness tests were then reported with human

subjects.

High speed tests were run on the Breeze hoist to determine the character-

istics of the capstan type drive at high line speeds. A "Varfdrive" i:nit was

substituted fox the existing hoist drive motor, which provided a speed capa-

bility equivalent to over 500 ft/min. line speed. (See Fig. B-2. )

Self-level wind ability was determined for the plastic braid rope and the

wire cable. The webbing material was not tested since the design concept

for this material did not require it to have level-wind capability. The

method used to evaluate the rope's self-level wind capability was to pull the

rope with a powered sheave over a fairlead pulley agairist a constant load.

It was possible to vary the sheave speed up to a rope speed of 1, 000 fpm; the

flange spacing of the sheave was also adjustable to 6 in. By providing for

adjustable center-distance spacing of the fairlead pul:-ýy, fleet angles could
be changed to accommodate the winding characteristics of each candidate
rope. Constant load source for the test was provided by pulling against the

B-2
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Fig. B-1 Rope Break Tes~t Set Up
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rolling resistance of a 2-1/2-ton truck. (See Figs. B-3 and B-4. ) Precau-

tions were taken to keep the road surface clean allowing a upiform rolling

rriction coefficient. Observations during tests showed the rolling resibtance

peaked at 600 - 1, 100 lb during initial acceleration, then leveled off at 200 -

500 lb during the run.

The test setup used to evaluate self-level wind characteristics was also used

to assess the property of abrasion resistance of the plastic braided rope.

During early stages of testing it became evident the plastic braid had infer-

ior abrasion resistance. To find mears of improving abrasion resistance

two cover materials were tried. These materials, in the liquid form, were

applied to lengths of plastic braid and subjected to the same use profile as an

untreated length. Coatings used were:

o A polyurethane clear fabric impregnant

Chemglaze Z003

Hughson Chemnical Go., Los Angeles, California

o A neoprene rubber-like coating

Hi-ten N-55 neoprene coating

Gaco Western, San Mate , California

An additional parameter investigated at this time is the possibility of degraded

breaking strength due to the coating applied. For this, select lengths of coated

braid were retested for breaking strength.

RIESULTS

Elongatioi

The clongatirmn of each candidate rope is shown in the following tabulation:

B-5



LMSC-D267477

B-16



LMSC- D26747,7

Fig. B-4 Wide Drum, Plastic Rope, 3. 75'ý Fleet Angle
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Ekngationin. /bIIn6

Material Il "

Wire Rope (present) 6.25

Wire Rope (swaged) 5.1 2

Plastic Rope 114.2

Webbing 95.9

Permanent Deformation

An attempt was made to observe any possible permanent deformation of the

materialstested. Each specimen was loaded to 1, 000 Ib and held there for

avproximately 30 min., at which time the load was released. This left a

deformation in the plastic braid and webbing of 0. 25 in. The wire rope had

no measurable deformation. After 3 hours the candidate rope* were meL-

sured again and found to have returned to the original length.

Breaking Strength

Pull teats performed on each of the candidate ropes are tabulated belo,.

Tests were run with the plastic braid with no coating and with polyurethane

and neoprene coated samples.

Material Breaking Strength, lb

Wire Rope - 3/16 diam. 3,700

Wire Ropc Swaged - 0. 208 diam. Over 4, 000

Plastic Braid - 5/16 diam.

(a) Uncoated 2, 500

(b) Polyurethane 1, 500 - 2,300*

(c) Neoprene 1, 800 - 2, zoo*

Webbing Exceeded 4, 000 (the capabil-
ity of the test setup)

*These pull tests were performed on coated samples that had undei -
gone ten cycles of self-level wind tests for abrasion resistance
determinations.
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The variation in breaking strengths was due to the rope failing at the entrance

to the test fixture; with the snubbing type fixture used (Fig. B-I), as the

rope is pulled in tension, it tightens on a drum and puts the rope fibers con-

tacting the drum in compression. The uncoated rope is free to flow and

move a.way from this compressive load while the coated rope is more resis-

tant to this relieving capacity. Examination at the point of failure showed the

compressive mode of failure.

An additional pull test performed on the plastic braid served to answer the

question of "how many cut braids would induce failure? ". For this deter-

mination several samples were pull-tested. The first had two cut braids;

the second, four, and so on. Rope failure due to eight cut braids occurred
at 2, ZOO lb.

It should be noted that all all but one test the failures occurred only to the

outer braid coverings. The inner braided core held at about I, 000 lb after

rupt ure of the braided cover. This includen the condition of reducing rope

strength by cutting the braids.

Damping Characteristics
I

The property of damping is an important characteristic to have in a rope

being used in a helicopter hoist. Its importance stems from the fact th-t

rotating ropes tend to "blossom" or increase in their outer diameter. This

can be a problem if fairleads are designed to only accept fixed diameter

ropes. Also, in this helicopter hoisting application the downwash acting on

the injured person being lifted can twirl the body aerodynamically. This

can be resisted using a heavily damped rope.

The results of the torsional damping test- '•vicated the plastic braid rope

had slightly better damping characterist.-, .... the swageda wire cable and

much better than the conventional wire cab' For example, the loaded

samples were wound five times, then relea3ed, ind the overtravel turns
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noted; this was done in both directions. The plastic rope overtraveled 1-3/4

turns, the swaged wire cable overtraveled two turns, and the conventional

wire cable overtraveled three turns; with a 10 turn windup, the plastic rope

overtraveled 3-1/2 turns and the conventional wire rope overtraveled seven

High Speed Capstan Tests

The results of the tests are shown in the table below:

Test Speed Load

Run (RPM) (Lb) Remarks

#1 5,250 50-100 Fairly even level wind

.#2 8,000 75-150 Good level wind

#3 12,000 100 Slight bunching in center

#4 16,000 100-200 Poor level wind - bunching in
center

#5 2,000 100-200 Some as #4

#6 25,200 100-200 Poor level wind - bunching up on
edge

The results of the tests indicate the capstan type drive continues to function

at the higher line speeds; however, the level wind on the storage drum was

affected by the speed. The cable tended to bunch up in the middle or on one

side at the higher line speeds; however, when the cable was wound off the

storage drum, it came off in a satisfactory manner.

Self-Level Wind Capabilities

This characteristic was investigated to determine if proposed simplifications

of present helicopter hoists could be realized. The hoist now in use incor-

porates a powered capstan for pulling up the load and a level wind mechanism

to feed the wire rope into a storage drum. New design modifications are

intended to do away with the capstan and level-wind mechanism.
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The plastic rope, the swaged wire cable, and the conventional wire cable

were tested to determine the level wind capability of each type. The tests

were performed varying the sheave flange width, center distance to fairlead

sheave, and reel-in speed. For the anticipated hoist design constraints, the

plastic rope showed good level wind characteristics, the swaged wire cable
had slightly less favorable characteristics, and the conventional wire cable

has the worst properties. Table B-l shows the results of the level wind

tests.

The compliance of the plastic braid was a benefit to its level-wind ability

in this particular test setup. Because of the manner used to apply load

the compliant braid damped out load fluctuations. It was noted during test-

ing the wire rope would tension up then go slack, thus producing an erratic

level wind due to the pulsating winding tension. It is felt that the wire rope

would exhibit a better tendency to level wind if it was pulling against a more

constant load, that of gravity.

Abrasion Resistance

It was noted early in the test program that the candidate material would have

to have good abrasion resistance properties. While performing the level-

wind tests, note of the braid condition was made and, as suspected in this

particular environment, the wire rope was superior to the plastic braid.

Two cover compounds were obtained that could be applied to the braid in an

effort to improve its abrasion resistance. These were applied by hand and

as a consequence were not uniform over the surface. Identical runs were

made with coated and uncoated yacht braid. Coating is a definite aid to the

abrasion resistance of the material.

Two coating materials were tried; one a clear polyurethane, the other a grey

rubberized neoprene. Only the polyurethane caused a problem. That was,

during unwinding the polycoated braid had a tendency to jam in the lay and
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.40

Fig. B-5 Narrow Drum, 19 x 7 Wire Rope. Z. 5 0Fleet Angle
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Fig. B-7 Wide Drumn, Plastic Rope, 3. 250? -leet Angle
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Fig. B -8 Mediuxii Wdth Drum, Plastic Rope, 2. 50 Fleet Angle
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Fig. B-9 Mec4 ,.am Wide Drum, 19 x 7 Swaged Wire Rcpe, . PFIct A\ngle
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II

Fig. B-10 Medium Wide Dgum, 19 x 7 Swaged

Wire Rope, 2. 5 Fleet Angle
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began to reverse wind. Once, a force of less than 5 lb was required to

unjam it; the second time, approximately 10 lb were necessary. This

could present a problem in reeling out unless the hook load was more than

10 lb or the traction sheave kept the necessary tension %n the line as it was
i reeled out. Results also indicate that a drum with a large radius at its

flange base would resist "diving" of the rope as it winds on the drum. This

jamming -.endency was nct observed with the rubberized neoprene coated

braid.

Physical Properties

The maximum load to be hoisted will be 600 lb; therefore, the minimum

breakiig strength of the hoisting rope is 2, 600 lb. This requires 5/16 in.

diam. plI.stic rope which weighs 3 lb/ft, or 3/16 in. diam. wire cable which

weighs 6. 5 lb/ft. Thus, the plastic rope will take more volume.

The cost of the plastic braid at retail prices is 17 cents/ft on 300 ft lengths

while the wire rope costs approximately 34 cents/ft.

Field reports have indicated that the failure of the guillotine to operate when

required has created serious proble~na during missions. The plastic rope
has an advantage over the wire cable in that the rope could be readily severed

with a knife while the wire cable could not.

CONCLUSIONS

res•,,ts of the tests indicate that both the plastic tbraided rope and tdze

wire cable have desirable propertiea which make them candidates

ce the present 19 x 7 CRES non-rotaitng wire cable.

The self-level wind characteristics of both candidates were better than those

of the present cable; however, the plastic rope showed better characteristics

than the swaged cable at the larger fleet angles.
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The darnping characteristics of the plastic rope and saaged wtre cable were

very zimnilar; both were better than those of the present wire cable.

The elongation of the p1latic rope was 7 percent; the wire cable elongation

was less than I per :ent.

The abrasion resistance of both of the wire cables is much better than that

of the plastic rope. The uncoated zope had poor abrasion resistance; how-

ever, this property was improved with the use of a polyurethane coa g.

Additional testing should be done on the plastic braided rope with the coat-

ing commercial impzegnation methods, which would insure more uniformity

of penetration and outside coating thickness.
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Appendix C 1'
MILITARY CHARACTERISTICS FOR HIGH SPEED

UTILITY HELICOPTER HOIST

"1. REQUIREMENTS:

a. Provide U. S. Army- medical evacuation helicopters with a high

speed method of lifting a patient to the helicopter from- areas where a land-

ing cannot be made.

b. Source of Requirement:

(I) kýSARV Letter, CDCCS-LV, 13 Dec 70, subject: DPSDR for

a Triple Canopy Re supply Svtem (TR!CARS). I
(2) FONECON, MAJ Cloke, CDC Medical Service Agency, 4 Aug 71.

(3) COL Shane, CO Aero Medical Laboratory, Visit to USALWL,

5 Aug 71.

2. OPERATIONAL AND.OR•GANIZATIONAL CONCEPTS,

a. Operational Concept: Aero medical evaunits would ue

this device to rapidly lift wounded and, injured personnel from the ground

to a helicopter in areab where the helicopter cannot land.

b. Organizational Concept: It is envisioned that item would be avail-

able to using units through normal supply channels for the class of suppt y

and issue on a one-for-one replacement basis for the current hoist on the

same basis of issue.

3. JUSTIFICATION AND PRIORITY:

a. Reason for the Requirement: The UH-i Helicopter International

Rescue Hoist currently ueed to lift per.sonnel to the helicopter in areas

wherc it cannot land operates very slowly and requires the helicopter to

hover for excessive time at an altitude where it is extremely vulnerable to

enemy ground fire and where engine failure could be disastrous.
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b. Priority for Requirement: This problem is not included in the May

1971 MACV Significant Problem Areas Report but it meets the criteria for

Priority Croup 1I.

4; CHARACTERISTICS:

a. Physical Characteristics:
(1) Maximum Num. er of Major Components in this Unit: (Essential)

4 (Flywheel, motor, drum with cable, and hoist arm assembly)

(2) Maximum Weight: (Essential) 180 lb installed

(3) Cubic Measurements: (Essential) Occupy no more usable
space than that occupies by the present hoist.

(4) Installation: (Essential) Be capable of being installed on exist-

ing mounting points at the same level of maintenance in the same amour. cA

time as the present hoist.
----- •'(5) Maximum Hoist Power Requirement: (Essentir.1) The electrical

energy must be supplied from aircraft engine accessory generator system

and must not exceed the power requirements for the current hoist.

(6) Transportability: (Essential) Air

(7) Expendable: (Essential) No

(8) Environmental Requirements: (Essential) Categories 1-8,

AF 70-38.

(9) Compatibility: (Essential) Be capable of being operates on the

UH-lD and UH-lH helicopters; (Desired) the Utility Tactical Transport Air-

craft System (UTTAS).

(10) Storage (Shelf Life): (Essential) 5 years.

b. Performance Characteristics: (Essential) Have the following

improved char~cteristlcs without degrading any of the performance charac-

tcristics of the existing hoist:

(I) Lifting and Lowering Sustained Operation Rate: (Essential) Be

capable of operating at all speeds up to its maximum and performing at the

following worst case scenarios:
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wtNo. of Hoist Operations otScenario... . - HoistedScenario 200 Lb 400 Lb 600 Lb Total (Lb)

A 9 0 0 9 1,800
SB 7 1 0 8 1,800
SC 6 0 1 7 1,800

"D 6 2 0 7 1,800

(2) Mission Scenario Time: (Essential) Be capable of performing

the four worst scenarios within the following times (based on the assumptions

listed:

Scenario Maximum Time

A 12 Minutes

B 11 Minutes

C 10 Minutes

D 10 Minutes

Assumptions:

A. Dwell Times at Top and Bottom are the following:

Load Dwell Time

200 lb 0. 25 min.

400 lb 0. 50

600 1b 1.00

B. No Dwell Time is required at top prior to the first or

after the last hoist. *

(3) Acceleration/Deceleration: (Essential) Exert not more Lhan a

I "g" force (32.2 ft/sec on the load being lifted or lowered).

(4) Mission Reliability: (Essential) A mission reliability of 50 per-

cent is required; (Desired) 95 percent. System must have a 0.99999 relia-

bility against catastrophic failure during lowering and retrieving of personnel.

c. Maintenance Concept:

(IA (Essential) Only standard Army POL products must be required

for lubrication; (Desired) a lifetime lubrication system should be used.

(2) (Essential) The aircraft crewchief must be capable of deter-

mining the state of operational readiness by simple visual inspections and
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operational tests. Cable check/preventative maintenance shall be accom-

plished by oiling and cleaning with a rag and looking for broken strands.

(3) (Essential) Crewchief maintenance must be imple and con-

sist of component part replacement and minor r-ipairs without using special

tools.

(4) (Essential) The total maintenance effort must not exceed one

hour of maintenance for each 400 cycles of hoist operation.
d. Human Engineering/Safety Characteristics:

(1) (Essential) Be safe in operation in accordance with AR 385-16,

dated 11 Feb 67.

(2) (Essential) A visual means will be provided to indicate how

much cable is extended.

(3) (Essential) The hoist must automatically slow down and stop

when the cable is fully extended or retracted.

(4) (Essential) When the cable is retracted, the hoist must not

change any of the flight characteristics of the UH-ID/H helicopter on which

it is installed. The aircraft must be capable of limited vertical and hori-

zontal movement with the cable extended.

(5) (Essential) The system will include provisions whereby the

extended cable can be rapidly cut at the helicopter without backlash and/or

unwinding of the cable damaging the aircraft or endangering the crew.

(6) (Essential) When in operation, the loaded system will remain

within the fore, aft, and lateral CG limits of the aircraft on which mourted.

(7) (Desired) A means to lower and raise loads manually will be

provided.

e. Priority of Characteristics:

(1) Safety (Not change flight characteristics or CG).

(2) Safety (Cable cutting capability).

(3) Performance (Mission reliability).

(4) Performance (Speed).

(5) Performance (Sustained Operation).

(6) Performance (Acceleration/Deceleration).
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5. PERSONNEL CONSIDERATIONS: Introduction of this item into the

Army inventory will require no additional personnel spaces in TO&E of

tactical units.

DATE APPROVED
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